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Abstract 
Titanium dental implants are a commonly used solution for the replacement of 
lost teeth. Even though the success rate is high, the number of infections related to the 
placement of the implant is still remarkable and may impair the proper function of the 
device, leading to health and economic costs. The infections related to medical devices 
start with a bacterial adhesion and proliferation on the material surface, leading to the 
formation of a complex biofilm able to protect the bacteria from the host immune 
response and the treatment with antibiotic. Due to the difficulty of treatment of the 
implant site once the biofilm is settled, one of the strategies to avoid the infection is to 
deal with the initial bacterial adhesion. 
This PhD thesis deals with the development of polymeric antibacterial coatings 
on titanium for dental implants, focusing on the achievement of fast and cost-effective 
procedures. With this aim, different coating strategies have been developed, tested and 
compared. 
A pre-treatment of the titanium surface was optimized in the first part of the thesis 
in order to achieve a clean surface and to enhance the chemical reactivity of the titanium 
oxide. With this aim, low pressure plasma activation was the selected method. The use 
of plasma activation allows for the removal of organic contaminants while increasing 
the surface energy of the treated surfaces. 
For the preparation of the polymeric antibacterial coatings, two different 
antifouling polymers have been used, namely, polyethylene glycol (PEG) and poly-2-
hydroxyethylmetacrylate (PHEMA). PEG coatings were prepared by three different 
techniques, a wet chemical technique (silanization), a plasma enhanced chemical vapor 
deposition and an electrochemical process (electrodeposition). The three methods 
rendered an ultra-thin coating able to resist the bacterial adhesion. On the other hand, 
PHEMA-like coatings were prepared in a novel set-up by treating the liquid monomer 
by a plasma jet. 
Moreover, the different coatings were biofunctionalized in order to achieve 
multifunctionality and enhance the performance of the coating. For instance, the 
combination of PEG with a cell adhesion peptide (RGD) reported a better human 
fibroblast adhesion while maintaining the antifouling properties of the coating. PEG was 
also used as a platform for the immobilization of antimicrobial peptides (AMP). The 
bonding of the polymer with the AMP was optimized, achieving a surface able to reduce 
the bacterial adhesion and to kill the bacteria still able to adhere to the surface. Finally, 
the combination of two different plasma polymerized coatings with antibiotics (either 
Doxycycline or Vancomycin) was used as a drug delivery system.
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Resum 
Els implants dentals de titani són la solució més estesa per substituir peces 
dentals. Tot i que les taxes d’èxit són elevades, el nombre d’infeccions relacionades amb 
la col·locació de l’implant és elevat, i influeix en el mal funcionament de l’implant, amb 
un elevat cost tan a nivell econòmic com de salut. 
Les infeccions associades als dispositius sanitaris comencen amb una adhesió i 
proliferació dels bacteris a la superfície del material, que comporta la formació d’un 
biofilm capaç de protegir els bacteris de l’acció del sistema immunitari de l’hoste i del 
tractament amb antibiòtics. 
Aquesta tesi doctoral es basa en el desenvolupament de recobriments polimèrics 
antibacterians en titani per aplicacions dentals, buscant aconseguir mètodes ràpids i 
econòmics. Per tal d’assolir aquest objectiu, s’han desenvolupat, provat i comparat 
diferents estratègies per obtenir els recobriments. 
En la primera part de la tesi s’ha optimitzat un pretractament de la superfície del 
titani, per tal d’obtenir una superfície neta i millorar la reactivitat química de l’òxid de 
titani. El mètode seleccionat per l’activació ha estat l’activació per plasma, que permet 
eliminar els contaminants orgànics i augmentar l’energia superficial de les mostres 
tractades. 
Els polímers seleccionats per als recobriments han estat el polietilenglicol (PEG) 
i el 2-hidroxietilmetacrilat (PHEMA), que tenen propietats antifouling. Per preparar els 
recobriments de PEG s’han utilitzat tres mètodes diferents: la silanització, la 
polimerització per plasma i l’electrodeposició. Els tres mètodes han donat com a resultat 
una capa fina capaç de resistir l’adhesió bacteriana. Per altra banda, els recobriments 
amb PHEMA s’han preparat amb una nova metodologia, tractant el líquid amb un 
plasma jet. 
Els diversos recobriments s’han biofuncionalitzat per tal d’aconseguir una 
multifuncionalitat i millorar el seu funcionament. La combinació del PEG amb un pèptid 
d’adhesió cel·lular ha permès millorar l’adhesió de fibroblasts i mantenir les propietats 
antifouling del recobriment. La immobilització de pèptids antibacterians al PEG permet 
obtenir una superfície resistent a l’adhesió bacteriana i amb efecte antibacterià sobre els 
bacteris capaços d’adherir-se al recobriment. Per últim, la combinació de dos 
recobriments preparats per polimerització per plasma amb dos antibiòtics (vancomicina 
o doxiciclina) permet obtenir un sistema d’alliberació de fàrmacs a la superfície del 
titani. 
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SCOPE AND AIM OF THE THESIS 
The main aim of this PhD Thesis is to develop new coatings on titanium to 
achieve a proper soft tissue integration by reducing the rate of adhered bacteria and/or 
enhancing the cell adhesion to be employed in the head of an enhanced dental implant. 
This will be investigated by producing and functionalizing polymeric coatings on 
titanium surfaces by different methods. 
To accomplish this main objective, a number of specific objectives have been defined: 
1. To study the effects of plasma activation on the titanium surface in terms of the 
surface properties. 
2. To develop a novel silanized PEG to efficiently coat titanium surfaces and the 
functionalization of the coating with a cell adhesion peptide. 
3. To obtain an electrodeposited PEG bis(aminopropyl) terminated coating on 
titanium and use the coating as a platform for the immobilization of antimicrobial 
peptides (Magainin 2 and human Lactoferrin 1-11). 
4. To obtain a PEG-like coating by plasma polymerization using different 
precursors and characterize their physical and chemical properties as well as their 
biological suitability for the defined application. The coating is evaluated as a 
drug delivery of antibacterial drugs. 
5. To use atmospheric pressure plasma in contact with liquids to develop novel 
antibacterial coatings on titanium. 
6. To discuss the main properties of each coating, the suitability of the methods and 
the performance in vitro of the coatings. 
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This section describes the state of the art regarding dental implant placement, the 
infection related to dental implants and the main strategies to avoid and treat such 
infections, focusing on the titanium surface treatments and coatings. 
  
 
INTRODUCTION
  
 
 
 CHAPTER 1  INTRODUCTION 
 
 
 
1 
 
1. INTRODUCTION 
1.1. Dental implants 
A dental implant is a medical device used to substitute the root of lost teeth, in 
order to restore mastication, to improve aesthetics and to aid speech. Implants act as the 
support for the tooth to be substituted, allowing the anchorage to the maxillary or the 
mandibular bone [1]. 
Implant-supported structures are basically composed by three parts, namely, the 
crown, the abutment and the implant. The crown acts as the prosthesis and substitutes 
the visible part of the tooth. The abutment connects the crown with the implant. The 
implant, that can have screw or cylindrical shape, is placed into the bone to anchor the 
structure (Figure 1.1). Nowadays, the most used design for dental implants is the screw-
shaped one, with a typical diameter of 3-5mm and a length of 6-16mm depending on the 
anatomic and clinical conditions. 
 
Figure 1.1. Components of an implant supported dental reconstruction. Adapted from [2] 
The main requirements for a material used as dental implant are the 
biocompatibility, biofunctionality and the ability to osseointegrate, i.e. have a strong 
biomechanical bond between implant and jaw bone. The material of choice for this 
application is commercially pure titanium [3]. Titanium is covered by a layer of titanium 
oxide which is formed on the surface of the metal within milliseconds following 
exposure to air, water or other electrolytes [2]. This oxide layer facilitates adsorption of 
specific biomolecules and subsequent cell attachment and spreading, rendering titanium 
an excellent biomaterial with osseointegration properties [3]. 
Even though a dental implant resembles the structure of the natural tooth, there 
are some differences in the interaction of the implant/tooth and the surrounding tissues 
(Figure 1.2). For the soft tissue/tooth interface, a bundle of fibers inserted into the root 
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cementum between the alveolar crest and cement enamel junction is connecting the 
gingiva to the tooth, while the transmucosal part of the implant (abutment or neck of the 
implant) protrudes through the overlying mucosa which heals around the implant 
without a cementum attachment. 
 In the case of the bone/tooth interface, there is a periodontal ligament that 
attaches the tooth to the alveolar bone. This periodontal ligament is based on collagen 
fibers, has a blood supply and a proprioceptive mechanism which can detect changes in 
the forces applied to the tooth. In contrast, the implant connects directly to the alveolar 
bone through osseointegration [4–6]. 
 
Figure 1.2. Dental implant structure compared to natural tooth (Adapted from [7]) 
1.2. Failure of dental implants 
The success rates of dental implants are high, ranging from 90% to 98% 
depending on the kind of study reported. In a systematic review performed by Berglundh 
et al. [8] a mean survival rate of 96.5% was found after periods of follow-up higher than 
5 years. In another review by Moraschini et al. [9], survival rates of 94.6% and 91.2% 
were found for follow-up periods of more than 10 and 20 years respectively.  
Despite the high success rate, only 66.4% of the patients are completely free of 
reported complications [10]. The main causes for the failure of the implants are the lack 
of tissue integration of the surface and the possibility of a biomaterial-centered infection. 
These two processes were associated in the term “race for the surface” by Gristina [11], 
where the competition between the cell tissue integration and the bacterial adhesion is 
described. If the biomaterial surface is occupied by the cells, it will be less available for 
the bacteria colonization. Regarding the factors influencing failure of dental implants, 
two kinds of complications can be found: biological complications (Figure 1.3) and 
technical complications (fracture of suprastructures, losing of retention, screw 
loosening) [12]. 
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1.3. Infection related to dental implants 
While the stability of the implant is achieved through the osseointegration, the 
maintenance of a barrier mechanism is achieved through a proper interaction between 
the head of the implant and the gingiva, which is known as biological sealing or 
biosealing [13]. The lack of biosealing can lead to the infiltration of bacteria to the peri-
implant pocket and, subsequently, to the dental plaque formation. Plaque accumulation 
causes the inflammation of the soft tissue surrounding the implant (mucositis) and, if 
not treated, leads to the infection of the supporting bone (periimplantitis) [14]. 
 
Figure 1.3. Main causes associated with the peri-implantitis [2] 
The dental plaque is a type of biofilm hosted in the oral cavity. A biofilm is a 
multi-specie bacterial community embedded in an extracellular substance produced by 
the bacteria. The dental plaque is characterized by its high biodiversity (around 700 
species) and high cell density (1011cells/g wet wt) [15]. Biofilm formation is an adaptive 
response of the bacteria, since it provides survival optimization, better access to the 
nutrients and an improved protection against the external aggressions (host immune 
system or antibiotics) [16–18]. The bacteria in a biofilm undergo a change on the 
physiological activity (biofilm phenotypes). These changed phenotypes are associated 
with the virulence and pathogenicity of the bacteria [19–22]. 
The formation of a biofilm comprises four stages (Figure 1.4). The first stage of 
the biofilm formation occurs right after the placement of the implant, when an unspecific 
adsorption of proteins takes place and forms the acquired pellicle (AP) (Figure 1.4a). 
The AP contains saliva and enzymes which mediates the bacterial adhesion through a 
group of biochemical reactions. The interaction of the proteins with the biomaterial 
surface is a complex process which depends on the microtopography, surface free 
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energy, roughness, chemical composition of the surface and mechanical properties of 
the material [23–25].  
 
 
Figure 1.4. Stages of the biofilm formation. a) formation of the acquired pellicle, b) adhesion  
of primary colonizers, c) formation of the protective layer, d) adhesion of the secondary 
colonizers [2] 
The first bacteria adhering to the AP are called primary or early colonizers 
(Figure 1.4b). These bacteria release molecular signaling products that can be detected 
by the surrounding bacteria in a process known as quorum sensing. When the frequency 
of signaling reaches a threshold, a gene regulation is triggered, and the bacteria start to 
produce extracellular fibers known as pili, which are used for the attachment to the 
substrate and to the other bacteria. After the pili formation, the bacteria secrete an 
extracellular matrix of proteins, polysaccharides and nucleic acids (Figure 1.4c). As a 
final stage, secondary or late colonizers adhere to the biofilm forming the complete 
biofilm (Figure 1.4d). 
A dynamic biofilm composition has been reported for dental implant surfaces. 
The biofilm is formed by a complex bacterial ecology, including early colonizers such 
as Streptococcus sanguinis [25–27], which attach to the surface and guide the later 
colonizers, such as Porphyromonas gingivalis, Fusobacterium nucleatum and 
Aggregatibacter actinomycetemonitans [28,29]. Other species, such as Lactobacillus 
salivarius, have an important role on the formation and maintenance of the biofilm 
through the interaction with other strains and their by-products [30–32]. During the peri-
implant disease, the bacterial flora shifts to a more pathogenic one. This fact, and the 
communication of the bacteria through the quorum sensing mechanism, allows the 
bacteria to increase the virulence aimed at favoring their growth at the expense of the 
tissue destruction [33].  
The main problem associated with the presence of bacteria and the formation of 
a biofilm is not the biofilm itself, but the host response induced by the bacteria. During 
the progression of the peri-implantitis, the tissue homeostasis is turned into tissue 
destruction [34]. The host response involves the stimulation of cells to produce 
inflammatory associated products such as cytokines, interleukins and prostaglandins, 
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which in turn induce the release of enzymes from the cells in the periodontum. This 
enzymes, called matrix metalloproteinases, are degrading agents of the periodontal 
connective tissue [35,36].  
1.4. Antibacterial treatments for dental implants 
There are different approaches to confer antibacterial properties to the titanium 
surface, but all of them are intended to avoid the initial interaction between the implant 
surface and the bacteria, either repelling or killing them, in order to prevent the biofilm 
formation. Thus, antimicrobial surfaces are designed with the principle that they should 
either repel the microbes or kill them on contact. According to these two strategies, the 
coatings can be classified as biopassive or bioactive respectively [37–39]. 
1.4.1. Surface modification 
The passivating titanium oxide layer present naturally on the titanium surface 
exhibits photocatalytic effects when it has the crystalline phase anatase. To obtain this 
crystalline structure, an amorphous layer is deposited by anodization, followed by a 
thermal treatment that produces a crystalline order in the layer. An implant with this 
anatase oxide layer can be UV irradiated in situ in order to kill the bacteria present on 
the surface. The use of the UV treatment is limited when the implant is osseointegrated 
or within a deep peri-implant pocket, since the light is not able to reach the infected area 
[40–45]. 
Topography is an important factor on the interaction of the bacteria and the 
titanium surface. The shape and the rigidity of the bacterial cells allow designing 
specific topographies to avoid bacterial adhesion. It is generally accepted that an average 
roughness of 200 nm is the threshold value to modify the bacterial adhesion [46,47].  
Moreover, differences between eukaryotic cells and bacteria enable the 
possibility to achieve topographies that promote the cell adhesion while avoiding 
bacteria adhesion. Several studies reported the influence of a surface patterning in the 
nano and micrometric scale, showing the changes in the shape and the size of the 
aggregates and the orientation of the cell substructures involved in the bacterial 
movement [48,49]. 
The modification of the chemical composition of the outer layer of the implant 
by doping it with inorganic antimicrobial agents confers antibacterial properties to 
titanium. These dopants show a good antimicrobial activity, and they are biocompatible 
and stable. The best well-known dopant is silver, which shows a significant antibacterial 
effect by the interaction of silver ions with bacterial DNA, inhibiting DNA synthesis or 
by direct interaction with bacterial membrane proteins [47,50–52]. Copper [53,54], 
fluorine [55] and iodine [56,57] has been also used for their antibacterial properties. 
 CHAPTER 1  INTRODUCTION 
 
 
 
6 
 
1.4.2. Polymeric coatings 
Polymers can be deposited onto a surface by different techniques. Traditional 
approaches, such as dip-coating, spin-coating, chemical vapor deposition, physical 
vapor deposition or electropolymerization can be used for the deposition of polymers. 
Another group of techniques involves self-assembling molecules, including self-
assembled monolayers and layer-by-layer films. There is also the possibility of chemical 
grafting in order to obtain polymer brushes. Grafting includes two groups, namely, 
grafting from (surface initiated polymerization) and grafting to (grafting of pre-
synthesized polymer to the surface) [58]. 
1.4.2.1. Antifouling coatings 
Bacterial attachment to a surface is mediated by different types of interactions, 
which can be specific (through a protein) or non-specific. Antifouling coatings are 
polymeric films able to reduce the protein adsorption. The main properties of the 
antifouling coatings are the hydrophilicity, the ability to form bonds with water and the 
conformational flexibility [59].  
Repulsion of proteins by antifouling polymers is thought to be caused by a steric 
stabilization force. This force has mainly two contributions, namely, an excluded 
volume component and a mixing interaction component. Excluded volume component 
is related to an elastic response from the loss of conformation entropy when the proteins 
are close to the surface, i.e. the loss of conformational freedom of the polymeric chains 
due to the protein adsorption leads to the protein repulsion. Mixing interaction 
component is caused by the reduction of available conformations of the molecule 
segments owing to either compression or interpenetration of the protein chains [60,61].  
The polymers used to achieve low fouling surfaces can be either hydrophilic 
polymers or zwitterionic polymers. Antifouling polymers such as polyethylene glycol 
or polyhydroxyethyl methacrylate possess antifouling properties due to the possibility 
to form hydrogen bonds with water [62,63]. Zwitterionic polymers are molecules with 
positive and negative charges but with an overall neutral charge, which are able to have 
tightly interactions with water, giving the antifouling character [64]. 
1.4.2.2. Cationic polymers 
Cationic polymers kill bacteria by damaging the cell membrane through lysis, 
which induces the release of the intracellular components in solution. The adsorption of 
cationic polymers at the bacterial cell surface is explained by the net negative charge of 
the bacterial membrane, due to the presence of the teichoic acid membrane protein in 
Gram-positive bacteria and negatively charged phospholipids at the outer membrane of 
Gram-negative bacteria. Once the polymer is attached to the surface it can penetrate the 
cell membrane causing its disruption [38]. 
Most cationic polymers are generally based on quaternary ammonium, 
guanidinium, phosphonium or sulphonium groups grafted on the polymer backbone 
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[65–69]. The strategies employed for the preparation of cationic polymer coatings on 
titanium include the use of poly(hexamethylenebiguanadine) [70], 
electropolymerization of pyrrole [71], and the use of poly(ethylene imine) [72,73]. 
1.4.3. Bioactive molecules immobilization 
1.4.3.1. Antibiotics 
For the coating of the titanium surface with antibiotics, different broad spectra 
antibiotics have been used, like gentamicin, cephalothin, carbenicillin, amoxicillin, 
cefamandole, tobramycin or vancomycin [74–76]. The antibiotic can be immobilized on 
the surface through biodegradable polymers, sol-gel coatings or nanotubes to achieve a 
releasing surface [74,77–79], or can be covalently bonded for a longer shelf life [80–
82], as the releasing coatings have a fast release (from some hours up to some days). 
The use of antibiotics has two main problems: the drug resistance of the bacteria and the 
achievement of a release during a long period of time at a concentration higher than the 
minimum inhibitory concentration (MIC). 
1.4.3.2. Antiseptics  
In order to avoid the drug resistance associated with the antibiotic use in coatings, 
some nonantibiotic organic antimicrobial agents like chlorhexidine, chloroxylenol and 
poly(hexamethylenebiguadine) have been used [83–85]. These molecules have been 
immobilized by adsorption on the titanium oxide layer [86,87] surface induced 
mineralization with hydroxyapatite containing chlorhexidine [88] or via covalent 
bonding with biomolecules like collagen [70]. Some studies reported the cell damage 
[84] caused by the nonantibiotic antimicrobial agents, so it is important to clarify its 
biocompatibility. Another important issue is to control the release and concentration of 
the drug at the target site. 
1.4.3.3. Antimicrobial peptides 
Antimicrobial peptides (AMPs) are endogenous polypeptides produced by 
multicellular organisms in order to protect a host from pathogenic microbes [89]. 
Generally, an AMP is defined as a peptide of less than 50 aminoacids with an overall 
positive charge, imparted by the presence of multiple lysine (K) and arginine (R) 
residues (Figure 1.5), and a substantial portion (at least 50%) of hydrophobic residues 
[90].  
AMPs are natural molecules, but can be also synthetic, modulating the 
antibacterial properties by chemical modification. The use of antimicrobial peptides has 
grown the last decades motivated by the resistance to conventional antibiotics, which 
induces a need of new kind of antibiotic molecules [91]. AMPs protects humans from 
microbial infections, showing in most of the cases a growth inhibition against Gram 
positive and Gram negative species [92]. Moreover, antifungal [93], antiviral [94], 
antiparasitic [95] and anticancer [96] activities of AMPs have also been described, as 
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well as the role in chemotactic activity [97], apoptosis [98] and wound healing [99]. The 
ability to neutralize bacterial toxins and up-regulate the host defense response has also 
been reported [100]. 
 
Figure 1.5. Molecular structure of the aminoacids with a positive charge in the side chain group 
at physiological pH.  Arginine (a) and Lysine (b) 
Host defense peptides have been isolated from a vast variety of tissues in humans, 
including skin, eyes, ears, mouth, airways, lung, intestines and the urinary tract. Usually, 
AMPs are expressed as precursor proteins and the mature form is released by protease 
processing [101]. Several families of AMPs are expressed in the oral epithelium, such 
as α-defensin, β-defensin, calcoprotein, histatin, lactoferrin or cathelicidin [102]. 
The mechanism of action of the AMP is based on the interaction of the peptide 
with the cell membrane. Bacterial membranes are organized in such a way that the 
outermost leaflet of the bilayer is heavily populated by lipids with negatively charged 
phospholipid head groups. In contrast, the outer leaflet of the membranes of plants and 
animals is composed mainly of lipids with no net charge; most of the lipids with 
negatively charged head groups are segregated into the inner leaflet, facing the 
cytoplasm (Figure 1.6) [103–105].  
 
Figure 1.6. Differences on the interaction of an AMP with eukaryotic and prokaryotic cells 
[89] 
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The differences on the composition of the cell membrane of eukaryote and 
prokaryote cells induce differences on the interaction of the AMPs with both types of 
cells. With the eukaryotic cells, the interaction is weak since it is driven by hydrophobic 
interactions. In turn, the interaction with the negatively charged bacteria membrane 
allows for a stronger electrostatic interaction. This fact allows the use of antimicrobial 
peptides as the coating of a biomaterial, since the threshold toxicity concentration for 
the mammalian cells is higher than the one for the bacteria [106]. 
A model that explains the activity of most antimicrobial peptides is the Shai-
Matsuzaki-Huang (SMH) model. The model proposes the interaction of the peptide with 
the membrane, followed by displacement of lipids, alteration of membrane structure, 
and in certain cases entry of the peptide into the target cell [104,107,108] (Figure 1.7). 
 
Figure 1.7. Mechanisms of action of AMP (Adapted from [100]) 
All antimicrobial peptides interact with membranes, but they can be divided in 
two types according to their mechanism of action: membrane disruptive and non-
membrane disruptive [106] (Figure 1.8). The action of AMP, additionally, can be seen 
as a whole group with multiple actions on cells ranging from membrane permeation to 
cell wall and division effects to macromolecular synthesis inhibition. Each AMP has a 
different mechanism of action in each bacterial strain [90]. 
The action mechanism of the AMP can be related to the secondary structure. α-
helical peptides cause the disruption of the bacterial membrane, causing the formation 
of barrel-like bundles in the bacterial membrane [104]. β-sheet peptides also cause the 
disruption of the bacterial membrane. They are perpendicularly inserted or tilted into the 
lipid bilayer to form toroidal pores [108]. Extended peptides are not active against the 
membrane, but they can penetrate it and interact with bacterial proteins inside [109].  
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Figure 1.8. Key mechanisms of bacterial membrane disruption by AMPs (adapted from [90] 
Magainin is an AMP that was isolated and characterized by Zasloff [110] on the 
skin of the frog Xenopus laevis. Two similar peptides, differing only in two aminoacids 
have been described (Table 1.1), namely Magainin 1 and Magainin 2 [111]. The studies 
dealing with the antibacterial activity of the peptide revealed a broad spectrum activity 
against several clinical isolates, and no bacterial resistance was induced after repeated 
passages with subinhibitory concentrations [112,113]. 
Table 1.1. Aminoacid sequence of the two magainin peptides. An understrike indicates an 
aminoacid change. 
Peptide Name Aminoacid sequence 
Magainin 1 GIGKFLHSAGKFGKAFVGEIMKS 
Magainin 2 GIGKFLHSAKKFGKAFVGEIMNS 
Lactoferrin is an iron-binding glycoprotein that can be found in most of the 
exocrine secretions, including saliva, tears and nasal secretions. This protein is a source 
of cationic and hydrophobic antimicrobial peptides, which are released following 
enzymatic proteolysis [109]. The most studied lactoferrin derived AMP are lactoferrin 
1-11, lactoferrampin and lactoferricin (Table 1.2). 
Table 1.2. Aminoacid sequence of the most common Lactoferrin derived AMPs 
Peptide Name Aminoacid sequence 
Lactoferrin 1-11 GRRRSVQWCAV 
Lactoferrampin WNLLRQAQEKFGKDKSP 
Lactoferricin KCFQWQRNMRKVRGPPVSCIKRDS 
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Lactoferrin 1-11 is the N-terminal peptide of lactoferrin, comprising the first 
eleven residues of the molecule. The effectiveness of the peptide is associated to the 
arginine residues in the N-terminal [114], and it has been tested against different 
bacterial strains, including methicillin-resistant Staphylococcus aureus [115]. 
The strategies for the application of AMPs on titanium implants comprises their 
use on multilayered drug delivery systems [116], the covalent immobilization through 
silanization of the titanium surface [27,117], or through a polymeric coating such as 
polyacrylamide brushes, polyethylene glycol (PEG) or chitosan [118–121]. 
1.5. Techniques for the preparation of polyethylene glycol coatings on 
titanium 
Different preparation methods for the coating of titanium with PEG have been 
developed. The simplest way of coating the surface is by physisorption of PEG [122–
124] or of a copolymer [125–129]. Self-assembling of certain copolymers such as 
Poly(L-lysine)-Poly(ethylene glycol) have also been studied [130–132]. Another group 
of techniques include grafting of PEG, by either UV-induced graft polymerization [133], 
cathecol chemistry [134], or phosphonate chemistry [135,136]. Electrochemical 
processes have been applied to the titanium surfaces, such as the electrodeposition of 
PEG bis-amine terminated [136] or the electropolymerization of polypyrrole-
poly(ethylene glycol) [137]. Some of these techniques are described in the following 
sections. 
1.5.1. Plasma polymerization 
Plasma is the fourth state of matter, characterized by the total or partial ionization 
of the atoms or molecules from a gas phase. The presence of radicals, free electrons, 
charged particles, photons, and radicals explain the high reactivity of plasmas and their 
suitability for application in many fields. 
Plasma can be classified in two groups depending on their temperature, namely, 
high temperature or thermal plasmas and non-equilibrium or glow discharge plasma. 
Fusion plasmas are in thermal equilibrium, i.e. the electrons and the gas phase have the 
same temperature, whereas in discharge plasmas the temperature of the electrons is 
higher than the temperature of the gas phase [138]. This kind of plasmas, also called 
cold plasmas due to their gas temperature being close to ambient temperature, are 
usually generated and sustained by applying an electrical discharge to a neutral gas. Cold 
plasmas are suitable for the treatment of temperature-sensitive substrates such as 
polymers or biological systems, like tissues or cells, and has been widely studied for 
surface treatments [139,140]. 
Gas discharges can be produced by direct current (DC) or alternating current 
(AC) with a wide range of frequencies. Typically, radiofrequency and microwave 
discharges are used, but other frequencies are also useful. For DC, the voltage difference 
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between the two electrodes induces collisions of the electrons with the particles, leading 
to ionization and excitation. For AC, the role of electrodes is less important, as electrons 
can oscillate in the plasma, giving rise to electrodeless discharges (e.g. capacitively 
coupled discharges) [138]. 
Low temperature plasma can be produced either at low or at atmospheric 
pressure. In low-pressure plasmas, the concentration of species is low, and hence, 
collisions between particles are reduced, fact that maintains the temperature close to the 
room temperature. For atmospheric plasmas, a higher number of collisions induce an 
increase in the temperature. One of the strategies to maintain the plasma at low 
temperature is by decreasing the distance between the electrodes, so low-temperature 
atmospheric pressure plasmas can be achieved in some special configurations [141,142]. 
In the last years, there has been an increasing interest on the atmospheric pressure 
plasma systems, mainly to avoid the expensive pumping systems required for the low-
pressure devices. However, at atmospheric pressure the breakdown voltage is higher, 
requiring in most of the cases the use of an ignition tool. Moreover, the glow discharge 
produced at low pressure may turn into hot filamentary arches (streamers) at 
atmospheric pressure. The streamers are undesirable because they lead to 
inhomogeneous treatments and to local damage to thermally sensitive substrates. There 
are some ways to avoid the streamers, such as the use of helium as discharge gas, use of 
microwave power, dielectric barriers limiting the current or special shapes of the 
electrodes [143]. 
Plasma surface treatments can be classified into plasma activation, plasma 
etching and plasma polymerization [144–146]. Plasma treatment of titanium with non-
polymerizing gases leading to surface activation (often designated as plasma cleaning) 
is a useful technique to eliminate organic contaminants and enhance the chemical 
reactivity by the grafting of oxygen reactive groups on the surface. The elimination of 
organic contamination enhances biological performance of the improvement of the bare 
titanium and the chemical reactivity of the titanium surfaces. Plasma activation can be 
performed either at low pressure or at atmospheric pressure, and both techniques have 
shown good results [139,140]. 
Plasma polymerization is a method for deposition of polymer films involving 
plasma dissociation and excitation of a monomer (or precursor) and the subsequent 
deposition and polymerization of the excited species on the surface of the substrate. The 
final structure of the polymer is different when compared with a conventional polymer 
obtained by radical polymerization or polycondensation (Figure 1.9). 
However, by controlling the plasma parameters, a certain retention of the 
functionality of the precursor can be maintained, as well as the properties of the polymer 
[147,148]. Well-designed plasma polymerized coatings of application in dental implants 
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should enhance cell adhesion (osteoblast or fibroblast) [150], and if possible, provide 
also antibacterial properties [151].  
Till date, fundamental plasma polymerization studies with PEG precursors 
include the use of flat surfaces (gold or silicon) or glass substrates, in order to analyze 
the properties of the coatings depending on the plasma system and parameters. 
Application studies of PEG plasma polymerized coatings have dealt mainly with 
microfluidics, chips for biosensors and, to some extent, biomaterials for the blood 
contact devices (Table 1.3). 
Table 1.3. Precursors for the production of PEG-like layers on different substrates 
Precursor Substrate References 
Monoglyme Glass coverslip [152] 
Diglyme Glass coverslip [152] 
 Silicon wafer [153–155] 
 Silicon wafer and indium tin oxide  [156] 
Triglyme Glass coverslip [152] 
 Polyamide-based composite membrane [157] 
Tetraglyme Glass coverslip [152] 
 Nitinol [158] 
 Glass/PTFE hybrid microfluidic chip [159] 
 Silicon wafer [154] 
 Polypropylene surgical mesh [160] 
 Polyethylene [161] 
 
Ionomer membrane (sulfonated 
tetrafluoroethylene based fluoro-polymer) 
[162] 
Diethylene glycol vinyl ether Polyethylene terephthalate [163] 
 Polyethylene terephthalate, silicon wafer [164] 
Diethylene glycol monovinyl 
ether 
Mica, silicon wafer, glass [165] 
 Gold coated glass slide, silicon wafer [166] 
Triethylene glycol monoallyl 
ether 
Polyethylene terephthalate [167] 
1,4-p-Dioxane 
Ionomer membrane (sulfonated 
tetrafluoroethylene based fluoro-polymer) 
[162] 
 
 
Figure 1.9. Differences between a conventional polymer and the corresponding plasma polymer 
[149] 
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1.5.2. Silane coupling agents 
Silane coupling agents are molecules with the general formula RnSiX(4-n). X is the 
functional group involved in the reaction with the substrate. It is a hydrolysable group 
(such as alkoxy, amine or chlorine), which is replaced by a bond between the substrate 
and the silicon atom. R is an organic moiety that enables the further bond with a polymer 
or another molecule with a suitable functional group. 
Titanium is naturally covered by a titanium oxide layer, conferring it a low 
reactivity and preventing the formation of covalent bonds, fact that might hinder a 
possible surface functionalization [168]. Silane coupling agents have been used to bond 
to hydroxyl groups, which can be obtained on the titanium oxide surface by plasma 
activation [169], plasma polymerization [170] or sodium hydroxide treatment [27,171]. 
The strategies for bonding PEG through a silane usually involve the reaction of 
alkanosilanes with the titanium surface, which in turn are meant to react with modified 
end groups of PEG. The application of this process was used by Groll et al. using N-[3-
(trimethoxysilyl)propyl] ethylenediamine to react with an isocyanate modified PEG-star 
[172]. 3-(2-aminoethylamino)-propyltrimethoxysilane was also used for the 
immobilization of PEG on a NaOH treated titanium surface [171].  
A slightly different approach has been used for the preparation of PEG-coatings 
on silicon wafers. It was initially developed by Zhang et al. [173], by using PEG and 
silicon tetrachloride (SiCl4), which in turn reacted with the silanols of the silicon surface. 
This method was also used by Kocijan et al. [174] to coat stainless steel. A significant 
reduction of protein and bacterial adhesion was observed for the immobilization of the 
silanized PEG on both silicon and stainless steel. Methods for the silanization of silica 
surfaces can also be applied to titanium, due to the presence of a titanium oxide layer 
[175]. 
1.5.3. Electrodeposition 
Electrodeposition is a wet process in which an external electrical field attracts 
charged particles towards an electrode, to incorporate metallic ions in the surface or to 
obtain a coating. It is performed in an electrolytic cell, which has three parts: an 
electrolyte and two electrodes, anode and cathode. The electrolyte is a solution of water 
or other solvents with the ions dissolved [176]. When an external voltage is applied to 
the electrodes, the ions are attracted to the electrode with the opposite charge. 
Electrodeposition is usually made with metallic ions, but it can also be used for the 
preparation of polymeric coatings, either for the electropolymerization of charged 
monomers or the electrodeposition of partially charged polymers [177,178]. 
Electrochemical treatments are able to produce a great variety of coatings, such 
as hydroxyapatite [179], phospholipid-based polymers [180] and silver-doped surfaces 
[47]. Electrodeposition of polymers can be performed via electropolymerization 
[181,182] or by electrostatic attraction of the polymer to the sample, which acts as one 
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of the electrodes of the system [183]. Production of PEG-coatings by means of 
electrodeposition was developed by Tanaka et al. [129,184,185]. This coating showed a 
reduced biofilm formation of Streptococcus gordonii and Streptococcus mutans on 
titanium surfaces [186]. The use of PEG electrodeposition implies the use of water as a 
solvent and represents a simple and fast procedure. 
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2. MATERIALS AND METHODS 
2.1. Sample preparation 
Dental implants are usually made from commercially pure titanium. Therefore, 
the substrates used for all the experiments were commercially pure titanium grade 2. 
Samples were cut from rods to produce disks of 10 mm diameter and 2 mm thickness. 
The surface of each disk was grinded with silicon carbide wet grinding paper (P600, 
P800, P1200 and P2500, Buehler, USA) and polished in a subsequent stage with a 
colloidal silica suspension (0.05 µm size, Buehler). Polished samples were cleaned with 
a sequence of organic solvents: toluene, isopropanol, water, ethanol and acetone (Sigma 
Aldrich, USA) in an ultrasonic bath for 15 min each. Samples treated up to this stage 
were used as control group (Ti).  
2.2. Plasma activation 
2.2.1. Plasma equipment 
Low pressure plasma treatments were performed in a customized commercial 
reactor Diener Femto (Diener, Germany) operating with a radiofrequency power supply 
(13.56MHz). The cylindrical quartz reaction chamber has a volume of 2L (30x15cm). 
The plasma operates in the capacitively coupled mode with a stainless steel electrode 
surrounding the chamber and the back wall and the chamber door acting as grounded 
electrodes. Two gas lines equipped with mass flow controllers (MFC, MKS, USA) are 
used to enter the gases into the reaction chamber, allowing for the use of a single gas or 
mixtures of gases. A bubbling system in the gas line 2 allows for the introduction of the 
vapor of a liquid precursor for plasma polymerization (Figure 2.1). 
 
Figure 2.1. Configuration of the plasma system used for the study 
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2.2.2. Plasma phase characterization 
The excited species generated in the plasma phase present electronic transitions 
within the visible spectrum. Each gas and specie has different characteristic electronic 
excitation energies and emission wavelengths, which can be measured by means of 
Optical Emission Spectroscopy (OES). 
OES was done with a spectrophotometer Black Comet UV-Vis with a spectral 
range in the 200-1000 nm zone (StellarNet Inc.) connected to an optical fibre. 
Measurements were taken through the quartz door of the reaction chamber. The spectra 
were analysed with the software Spectrawiz. 
2.2.3. Plasma activation parameters 
To ascertain the most suitable treatment for activation of Ti, different conditions 
were tested in continuous wave (CW) plasma mode, at 0.40 mbar, and using different 
plasma gases, treatment times and discharge powers (Table 2.1).  
Table 2.1. Plasma parameters employed in the activation treatments of titanium. Sample codes 
used in the thesis are indicated  
Gas Power (W) Time of treatment (min) Sample code 
Oxygen 100 0.5 O2PA100_05 
Oxygen 100 2 O2PA100_2 
Oxygen 100 5 O2PA100_5 
Oxygen 200 0.5 O2PA200_05 
Oxygen 200 2 O2PA200_2 
Oxygen 200 5 O2PA200_5 
Argon 100 0.5 ArPA100_05 
Argon 100 2 ArPA100_2 
Argon 100 5 ArPA100_5 
Argon 200 0.5 ArPA200_05 
Argon 200 2 ArPA200_2 
Argon 200 5 ArPA200_5 
2.3. Methods for the preparation of PEG coatings 
2.3.1. PEG silanization 
Titanium is naturally covered by a titanium oxide layer, conferring it a low 
reactivity and preventing the formation of covalent bonding [1]. Silane coupling agents 
have been used to bond to hydroxyl groups on the substrate surface, which can be 
obtained on the titanium oxide surface by plasma activation [2], plasma polymerization 
[3] or sodium hydroxide treatment [4,5]. 
Polyethylene glycol silanization protocol was an adaptation of the work by Zhang 
et al. for the PEG immobilization on silicon wafers [6]. For the silanization of PEG, 
solution of 0.98% of PEG (Mw=1000g/mol, Sigma Aldrich) in anhydrous toluene 
(99.8%, Sigma Aldrich) was mixed with 136µL of trimethylamine (Sigma Aldrich) 
during 1h. After this time, 20µL of silicon tetrachloride (Sigma Aldrich) was added and 
left to react for 5min. The major product of the reaction is PEG-OSiCl3 (Scheme 1). This 
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solution was filtered and the plasma activated samples were immersed in this solution 
for 2h. 
 
Scheme 1. PEG silanization reaction 
The reagents used in this process are air sensitive, thus, all the process was carried 
out in glass apparatus and prevented from exposure to the atmosphere. The silanization 
procedure was done in a triple-neck round bottom flask maintained under vacuum and 
purged with nitrogen prior the introduction of the PEG solution (Figure 2.2). After the 
reaction, the solution was absorbed by the vacuum with a plastic tube through the filter 
in order to eliminate a side-product of the reaction, Et3N-OSiCl3, which is insoluble in 
toluene. In the Erlenmeyer flask, the plasma activated titanium were immersed in the 
solution of the silanized PEG for either 30min (SPEG30) or 2h (SPEG120). 
 
Figure 2.2. System for the coating of titanium samples with silanized PEG 
2.3.2. PEG electrodeposition 
The electrodeposition was done in a two electrode electrolytic cell connected to 
a power supply. Electrodeposition process has been adapted from Tanaka et al. [7]. To 
prepare the electrolyte, 2% w/w of PEG-amine and 0.3M of NaCl were dissolved in 
water. Control sample for the electrodeposition optimization was the continuous 
electrodeposition at 5V during 5 min. Sample code for this condition is EPEG5.  
Pulsed electrodeposition was performed with a square wave (Figure 2.3). 
Different conditions were tested by varying the t1 and t2 and the ∆V (Table 2.2). The 
pulsed times were tested for a ∆V=-5V, and using t1=t2=4, 6 and 8ms respectively. The 
potential difference was tested at t1=t2=4ms, and taking values of ∆V=-7.5, -5 and -2.5V. 
CHAPTER 2  MATERIALS AND METHODS  
 
 
33 
 
 
Figure 2.3. Square wave used for the pulsed electrodeposition. 
Table 2.2. Conditions used for the electrodeposition of the titanium samples. Vmin is the voltage applied 
during t1, Vmax is the maximum voltage applied during t2. 
Sample code Vmin (V) Vmax (V) t1=t2 (ms) 
EPEG_5 0 -5 - 
EPEG2.5_4 -2.5 -5 4 
EPEG5_4 0 -5 4 
EPEG5_6 0 -5 6 
EPEG5_8 0 -5 8 
EPEG7.5_4 2.5 -5 4 
To control the voltage wave form, a virtual instrument was generated with the 
software Laboratory Virtual Instrument Engineering Workbench (LabVIEW®, National 
Instruments) (Figure 2.4), and the output signal was controlled by an oscilloscope 
(DSO1052B, Agilent Technologies). 
 
Figure 2.4. Graphical flow diagram of the virtual interface designed for the electrodeposition 
control 
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The user interface of the LabVIEW® virtual instrument (Figure 2.5) allows for 
the control of the maximum and minimum voltage, the cycle time, the duty cycle 
percentage and the time of the assay. 
 
Figure 2.5. User interface (front panel) for the electrodeposition control. 
2.3.3. Low pressure plasma polymerization 
Plasma polymerization, also known as Plasma Enhanced Chemical Vapor 
Deposition (PECVD), is the formation of high molecular weight products from low 
molecular weight precursors in non-thermal discharges (below 100ºC) [8]. The main 
aim of PECVD is to produce ultrathin (from a few nanometer up to some micrometer), 
pinhole-free polymer layers with a regular structure but with variable composition, 
resembling the properties of conventional polymers [9,10]. 
In this thesis, two different precursors for the preparation of PEG-like layers on 
the titanium surface have been used, i.e. tetraethylene glycol dimethyl ether and 
diethylene glycol dimethyl ether (Figure 2.6). Due to the difference on the vapor 
pressure of this two precursors, the concentration of the precursor in the gas phase on 
the reaction chamber is different, and also the thickness of the coatings. 
 
Figure 2.6. Tetraethylene glycol dimethyl ether (a) and Diethylene glycol dimethyl ether (b) 
2.3.3.1. Tetraglyme 
Plasma polymerization treatments were performed by using Argon (Ar) as carrier 
gas, which was bubbled through the monomer tetraethylene glycol dimethyl ether 
(tetraglyme, Sigma Aldrich) after the plasma activation treatment. 
Pulsed power was employed to perform the polymerization treatments, with a 
duty cycle of 0.1% at a pulse-on time of 20 μs and pulse-off of 20 ms. Pressure was kept 
at 0.40 mbar during treatments, and different conditions were evaluated to produce the 
coatings (Table 2.3). 
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Table 2.3. Plasma parameters employed in the plasma polymerization treatments with 
tetraglyme. Sample codes used in the thesis are indicated. 
Peak power (W) Time of treatment (min) Sample code 
100 30 PPT100_30 
100 60 PPT100_60 
150 30 PPT150_30 
150 60 PPT150_60 
200 30 PPT200_30 
200 60 PPT200_60 
2.3.3.2. Diglyme 
Diethylene glycol dimethyl ether (Diglyme, Sigma Aldrich) was used as the 
plasma polymerization precursor for the drug delivery system. The precursor was 
introduced in the reaction chamber with argon as carrier gas. Plasma polymerization was 
done in the continuous mode at 150W and 1.30 mbar using a multi-stage treatment 
(Table 2.4). 
Table 2.4. Plasma parameters employed in the plasma polymerization treatments with diglyme. 
Sample codes used in the thesis are indicated. 
Steps of plasma treatments Sample code 
1 x 1h PPD150_60 
2 x 30 min PPD150_2x30 
3 x 20 min PPD150_3x20 
2.4. Incorporation of bioactive and antibacterial molecules on PEG 
coatings 
2.4.1. Doxycycline adsorption 
Doxycycline hyclate (Sigma Aldrich, Figure 2.7) was dissolved in water at a 
concentration of 50 µg/mL. A drop of 10 µL was placed on top of the titanium sample 
and kept overnight for drying before performing the plasma polymerization of diglyme 
as described in section 2.3.3.2.  
 
Figure 2.7. Doxycycline hyclate molecule 
2.4.2. RGD physisorption 
The RGD (arginine, glycine and aspartic acid, Figure 2.8) peptide was prepared 
by solid-phase peptide synthesis and characterized as explained in previous studies [11]. 
For the physisorption of RGD, Ti and PEG-coated samples were immersed overnight at 
room temperature in a solution of 100µM of the peptide in Phosphate Buffered Saline 
(PBS, Gibco, UK). After the immersion, samples were cleaned twice with PBS. 
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Figure 2.8. RGD peptide chemical structure 
2.4.3. AMP immobilization 
2.4.3.1. AMP composition 
Magainin 2 and human Lactoferrin 1-11 have been purchased from GenScript 
(USA). Two different terminations have been purchased from each peptide depending 
on the functionalization strategy, by adding an extra cysteine in the C-terminal of the 
original sequence of each peptide (Table 2.5). The peptide code are used for the 
identification of the peptides through this thesis. 
Table 2.5. Peptide sequences and modifications used in this thesis 
Peptide name 
Peptide 
code 
Aminoacid sequence 
C-terminal 
modification 
N-terminal 
modification 
Magainin 2 MG-1 GIGKFLHSAKKFGKAFVGEIMNS None Acetylation 
Magainin 2 MG-2 CGIGKFLHSAKKFGKAFVGEIMNS Amidation Acetylation 
Lactoferrin 1-11 LF-1 GRRRRSVQWCA None Acetylation 
Lactoferrin 1-11 LF-2 CGRRRRSVQWCA Amidation Acetylation 
2.4.3.2. AMP immobilization 
Two different strategies have been used for the bonding of AMPs with the amino 
group in PEG, using the N-terminal and the C-terminal of each peptide. For the linking 
with the C-terminal (Figure 2.9), an esterification of the carboxylate group of the peptide 
(LF-1 and MG-1) was performed by reaction of N-hydroxy-succinimide (NHS) in 
presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), following the 
protocol provided by Thermo Scientific.  
 
 
Figure 2.9. C-terminal modification by activation of the carboxylic acid with EDC/NHS 
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An activation solution was prepared (Table 2.6), using PBS at pH=6.5 as a 
solvent. This solution is left during 15min, and then the same volume of PBS at pH=8 
is added.  The PEG-coated titanium samples are immersed on the final solution for 2h. 
Table 2.6. Concentrations used for the preparation of the activation solution 
   Peptide Peptide concentration (µM) EDC concentration (mM) NHS concentration (mM) 
MG-1 200 4 6 
LF-1 200 2 3 
For the linking with the N-terminal, an extra cysteine was added to the N-terminal 
of the two peptides (LF-2 and MG-2). A crosslinking of the amino of the PEG was done 
with N-succinimidyl-3-maleimidopropionate (7.5mM in N,N-dimethylformamide). 
Afterwards, a 100µM in PBS (pH=6.5) solution of the peptide was added to the PEG-
coated titanium samples during 2h (Figure 2.10).  
 
Figure 2.10. Crosslinking of the thiol from the cysteine with N-succinimidyl-3-
maleimidopropionate  
2.5. Atmospheric pressure plasma polymerization 
Atmospheric pressure plasma is a promising technique for the deposition of 
polymeric coatings. It allows the use of high vapor pressure liquids in direct contact with 
the plasma. Considering the increasing interest of this kind of techniques, two stages 
were done during this thesis in order to develop novel antibacterial coatings on titanium 
by means of atmospheric plasma systems. An Aerosol assisted Dielectric Barrier 
Discharge (DBD) was employed in a short stay at the University of Bari (Italy), and an 
atmospheric pressure plasma jet (APPJ) was employed in a stay at the Institute of Low 
Temperature Plasma in Greifswald (Germany).  
2.5.1. Aerosol assisted Dielectric Barrier Discharge Plasma 
The Aerosol assisted DBD atmospheric plasma reactor used in this thesis was 
design and built at the University of Bari (Italy). It consists of two parallel plate silver 
electrodes, 8 × 13 cm2 wide, and 4 mm apart, both covered with 0.6 mm thick alumina 
sheets. (Figure 2.11).  
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Figure 2.11. Scheme of the DBD plasma reactor (Adapted from [3]) 
The gas feed is let in between the electrodes from one side, and the opposite side 
was connected to an aspirator hood. Helium (99.999%, Air Liquide) at 5 sLm was used 
as carrier gas and ethylene (99.95%, Air Liquide) at 10 sccm was used as deposition 
precursor. Both gases were fed through electronic mass flow controllers (MKS 
Instruments). The samples were treated directly in the plasma, about 1 cm apart from 
the edge of the silver electrode (Figure 2.12). 
 
Figure 2.12. Sample position on the silver electrode in the plasma region 
The parameters that were studied for the preparation of ethylene-vancomycin 
composite coatings were the use of a pulsed or a continuous process, with an overall 
process time of 40 min, and the presence of a protective layer on top of the coatings 
(TC) to modulate the vancomycin release (Table 2.7). 
Table 2.7. Plasma parameters employed in the plasma polymerization treatments with ethylene 
and vancomycin. Sample codes used in the thesis are indicated. 
Sample code ton (ms) toff (ms) Deposition time of TC (min) 
PE_Van_10/80 10 80 0 
PE_Van_cont - - 0 
PE_Van_10/80_TC2 10 80 2 
PE_Van_cont_TC4 - - 4 
PE_Van_10/80_TC4 10 80 4 
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2.5.2. Atmospheric pressure plasma jet 
The atmospheric pressure plasma jet (Figure 2.13) consists of two ring electrodes 
around a quartz capillary of 1 mm in diameter. The upper electrode is capacitively 
coupled to a radiofrequency power supply (27.12MHz) through a matching network 
while the bottom electrode is grounded.  
.     
Figure 2.13. Atmospheric pressure plasma jet used for the treatment of liquid HEMA 
The coating was prepared by placing a drop of the liquid HEMA (98%, Sigma 
Aldrich) on the sample and treating the sample during 5 min with the argon plasma. The 
parameters selected for the study were the plasma power, the gas flow rate, the distance 
between the sample and the electrode and the HEMA drop volume (Table 2.8). 
Table 2.8. Plasma parameters employed in the plasma polymerization treatments with HEMA. 
Sample codes used in the thesis are indicated. 
Sample code Power (W) Gas flow (sLm) Distance (mm) Time (min) V
HEMA
 (µL) 
S1 10 1 4 5 8 
S2 7 0.7 4 5 8 
S3 10 1 3 5 10 
S4 10 1 3 2.5+2.5 5+5 
2.6. Surface characterization 
It is well-known that surface parameters like surface energy, composition, 
roughness and topography play a major role on the interaction of the implants with the 
biological surrounding [12]. This section describes the techniques used in this thesis for 
the characterization of the surface properties of the titanium and the different coated 
samples. 
CHAPTER 2  MATERIALS AND METHODS  
 
 
40 
 
2.6.1. Water contact angle 
The surface energy of a solid can be determined by different methods, but 
measurement of contact angles of liquids with a solid surface is one of the most extended 
technique. Contact angle is measured by establishing the tangent of a liquid drop with a 
solid surface (Figure 2.14). 
 
Figure 2.14. Measurement of the water contact angle [13] 
The contact angle of a liquid drop with a solid substrate is defined by the 
mechanical equilibrium of the drop under three interfacial tensions: solid-vapour (γSV), 
solid-liquid (γSL) and liquid-vapour (γLV). The equilibrium relation is given by the 
Young equation, where θ is the contact angle [14]: 
𝛾𝐿𝑉 · 𝑐𝑜𝑠𝜃 = 𝛾𝑆𝑉 · 𝛾𝑆𝐿 
Surface wettability was determined by the sessile-drop method using an OCA15 
(Dataphysics instrument Company, Germany) equipment with ultra-pure MilliQ 
(Millipore Corporation) water. A 2 μl droplet of water was deposited at 1 μl/s on the 
surface of the studied specimens. The drop image was captured by a video camera and 
analyzed using the SCA20 software (Dataphysics instrument Company, Germany). 
Three measurements were carried out on three different samples for each condition. 
2.6.2. Scanning Electron Microscopy/Focused Ion Beam 
Scanning electron microscopy (SEM) is based on the interaction of an electron 
beam with a surface. Among the processes that take place when the electron beam 
interacts with the sample, SEM uses the secondary electrons, which are emitted from 
the sample, and the backscattered electrons, which are electrons from the beam that are 
reflected. These two interactions give information on the topography and the changes in 
phase on the substrate. Focused ion beam (FIB) systems have a similar set-up, but use a 
beam of ions (usually gallium) instead of electrons. Operated at high beam current, FIB 
is able to remove part of the material and allows for the preparation of cross-sections.  
2.6.3. Chemical composition 
2.6.3.1. Fourier transformed infrared spectroscopy 
Infrared radiation is able to interact with the normal vibration modes of the 
covalent bonds, i.e. the stretching or bending of the bonds. The frequency of the 
vibration depends on the mass of the atoms in the bond (reduced mass, µ) and the 
bonding force (k) (Equation 1) 
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𝜔 =
1
2𝜋
√
𝑘
𝜇
 Equation 1 
Depending on the frequency of vibration of each bond, the molecule absorbs 
infrared light at different wavelengths, allowing the identification of functional groups 
(e. g. ether, alcohol or hydrocarbon among others). 
For the plasma polymerized tetraglyme, Fourier Transformed Infrared Spectra 
(FTIR) were recorded using a FTIR Nicolet 6700 in the transmittance mode, (128 scans 
and resolution 1 with data spacing 0.482 cm-1). Potassium Bromide (KBr) disks were 
used as the substrate for plasma polymerization instead of Ti for the FTIR 
measurements. 
For the rest of PEG-coated samples, FTIR was performed by using the Attenuated 
reflection mode (ATR) with a germanium crystal directly on the titanium coated sample 
(512 scans and resolution 1 with data spacing of 0.964 cm-1) 
2.6.3.2. X-Ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a technique that retrieves information 
about the elemental composition of a surface. It is based on the photoelectric effect, i.e. 
the emission of electrons from the core level of an atom when irradiated with and X-
Ray source (usually aluminum or magnesium). The emitted photoelectron has a kinetic 
energy (KE) related to the binding energy (BE) (Equation 2). BE is given by the 
chemical environment of the atom, making possible the identification of the bonding 
state of the atoms in the surface (up to 10nm). 
 𝐾𝐸 = ℎ𝜐 − 𝐵𝐸 − 𝜙 Equation 2 
ϕ is the work function which depends both on the spectrometer and the sample. 
XPS spectra in this thesis were acquired in ultra-high vacuum (5.0·10-9 mbar) 
with an XR50 Mg anode source operating at 150 W and a Phoibos 150 MCD-9 detector 
(D8 advance, SPECS Surface Nano Analysis GmbH, Germany). Spectra were recorded 
at pass energy of 25 eV with a step size of 1.0 eV for survey spectra and 0.1 eV for high 
resolution spectra.  The recorded core levels were C 1s, O 1s and Ti 2p. C 1s peak was 
used as a reference. CasaXPS software (Casa Software Ldt, UK) was used for the 
determination of atomic elemental composition applying the manufacturer set of relative 
sensitivity factors. 
2.6.3.3. Film thickness by X-Ray photoelectron spectroscopy 
Film thickness was estimated by the attenuation of the XPS titanium signal 
according to the Equation 3, where ITi is the intensity of Ti2p from the clean surface 
(Ti_PA), ITi
0  is the intensity of the Ti2p from PEG coated substrate, LTi is the electron 
attenuation length for Ti peaks and θ is the take-off angle for XPS measurements. 
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𝐼𝑇𝑖 = 𝐼𝑇𝑖
0 exp⁡(−
𝑡
𝐿𝑇𝑖𝑠𝑖𝑛𝜃
) Equation 3 
    Electron attenuation length was assumed as 2.8Å according to Ruiz-Taylor et 
al. [15] and the take-off angle was 90º for all the measurements.  
2.6.3.4. Time of flight secondary ion mass spectrometry 
Time-of-flight Secondary Ion Mass Spectrometry (ToF-SIMS) uses an ion beam 
to ionize atoms and fragments of molecules from a surface. These charged fragments 
are extracted and analyzed with a Time-of-flight detector able to detect differences on 
the mass of the fragments at high resolution. 
Spectral surface analysis was done using Bi3 cluster ions as primary ions using 
bunched mode. Image acquisition was made over 500x500um for homogeneity analysis. 
Images were acquired with 256x256 pixel size and 20 scans. Spectra were acquired from 
50x50um area region for better mass resolution. Both positive and negative spectra were 
acquired. 
2.7. In vitro biological characterization 
The coatings and functionalization of the titanium samples performed in this 
thesis are intended to have an antifouling effect or a combination of antifouling and 
bactericidal effect in order to reduce the rate of infections related to the placement of a 
dental implants. However, this kind of coatings may have a negative effect on the 
interaction of the implant with the surrounding tissue, inducing toxic effects or an 
inadequate response of the surrounding cells. In vitro biological performance of the 
coatings focuses in the biocompatibility of the coatings (cytotoxicity and cell adhesion) 
and the bacteria-coating interaction (bacterial adhesion, agar diffusion test and growth 
inhibition). 
2.7.1. Protein adsorption 
2.7.1.1. Fluorescence microscopy 
Protein adsorption on the Ti surface was tested by immersing the samples in 
bovine serum albumin (BSA, Sigma Aldrich, USA). BSA was stained with Fluorescein 
Isotiocyanate (FITC) with the Kit Pierce Antibody Labeling Kit (Thermo Scientific, 
USA). The staining was performed by dissolving BSA in a phosphate-borate buffer, 
mixed with a FITC solution and purified in a resin to remove the non-reacted FITC. 
Samples were then immersed in 150 µl of FITC-BSA at a concentration of 100 µg/ml 
during 1 h in darkness. Protein was fixed with paraformaldehyde (Sigma Aldrich, USA). 
After each step samples were washed with phosphate buffered saline (PBS). Coverslips 
were mounted on the samples in Mowiol (Merck Millipore Corporation, Bedford, MA, 
USA) mounting medium. Samples were photographed with a Nikon E-600 fluorescence 
microscope, and an Olympus DP72 camera (Nikon Corporation Instruments Company, 
CHAPTER 2  MATERIALS AND METHODS  
 
 
43 
 
USA). To assess the protein adsorption, four images were taken for each sample and the 
average pixel intensity was analyzed by the software Image-J (NIH, MD, USA). 
2.7.1.2. XPS measurement of the adsorbed protein 
Protein adsorption was performed with human fibronectin (Fibronectin from 
human serum, Sigma Aldrich). 50µl of fibronectin solution at 100µg/ml in Phosphate 
Buffered Solution (PBS, Gibco, UK) were placed on the samples and incubated for 2h 
at room temperature. Afterwards, the samples were washed twice with PBS and 
analyzed by XPS. %N1s was taken as an indicative for the presence of the protein. Two 
samples for each condition were analyzed. 
2.7.2. Biocompatibility 
2.7.2.1. Cytotoxicity 
Potential cytotoxic effects of the samples were evaluated according to ISO 
10993-5 standard on fibroblasts (hFFs, Merck Millipore Corporation, Bedford, MA, 
USA) and human osteosarcoma cell line (SAOS-2, ATCC, USA) as osteoblast-like 
cellular model, using three samples for each condition. All specimens were disinfected 
by immersion in ethanol 70% during 30min. Extracts of the samples at concentrations 
of 1:1, 1:10, 1:100 and 1:1000 were prepared by immersing the samples in Dulbecco's 
Modified Eagle Medium (DMEM, Invitrogen, Carlsbad, CA, USA) for the hFFs and 
McCoy’s (Invitrogen, Carlsbad, CA, USA) for SAOS-2 at 37 °C for 72 h. 5000 
cells/well were seeded on a 96-well tissue polystyrene (TCPS) dish and incubated with 
media for 24 h. Afterwards, culture media were replaced by the extract dilutions. After 
24 h, cells were lysed with mammalian protein extraction reagent (mPER, Thermo 
Scientific, USA) and cell viability was measured by the activity of the enzyme lactate 
dehydrogenase (LDH) with a Cytotoxity Detection Kit (Thermo Scientific, USA). Cells 
seeded in the TCPS were used as the positive control, and culture media is used as the 
negative control. The cell viability was calculated following the Equation 4, were Abs 
is the measured absorbance for the samples (Abssample) and the positive (AbsC+) and 
negative control (AbsC-). 
𝐶𝑒𝑙𝑙⁡𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐴𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠𝐶−
𝐴𝑏𝑠𝐶+ − 𝐴𝑏𝑠𝐶−
 
            Equation 4 
2.7.2.2. Cell adhesion 
Cell adhesion was studied by seeding 5·103 cells on triplicate specimens, and 
incubated for 6 h in a 48-well culture plate. Ti and the culture dish (TCPS) were used as 
controls. Cells used were hFFs and SAOS-2. Cell numbers were assessed with the 
Cytotoxity Detection Kit (LDH). 
Specimens were prepared for SEM by fixing the cells with 4% paraformaldehyde 
in PBS, and a sequence for dehydrating the cells was performed by immersing the 
samples in 50%, 70%, 90%, 96% and 100% (v/v) ethanol during 15 min each step. As 
the final step, samples were immersed in HDMS overnight and carbon coated. 
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2.7.3. Antifouling/antibacterial effects 
2.7.3.1. Bacterial strains and media 
Bacterial strains used in this thesis were Streptococcus sanguinis (S. sanguinis, 
CCUG 17826, Culture Collection University of Göteborg (CUG), Göteborg, Sweden), 
Lactobacillus salivarius (L. salivarius, CECT 4063, Colección Española de Cultivos 
Tipo (CECT), Valencia, Spain), Staphylococcus aureus (S. aureus, CCUG 15915), and 
Escherichia coli  (E. coli, CECT 101, Valencia, Spain).  
The selection of such bacterial strains was based either on the relevance of the 
strain in the oral infections or for being model of specific strains. As reported in section 
1.3, S. sanguinis, S. aureus and L. salivarius are strains related to oral infections and 
maintenance of biofilms. Moreover, S. aureus and E. coli are models for gram positive 
and gram negative bacteria. 
Incubation media were Todd-Hewitt broth (TH, Scharlab SL, Spain) for S. 
sanguinis, Man-Rogosa-Sharpe broth (MRS, Scharlab SL) for L. salivarius, and Brain-
Heart Infusion (BHI, Scharlab SL) for both S. aureus and E. coli. Solid agar plates were 
prepared by mixing the corresponding culture media for each strain with 7.5 g/L of agar 
(Agar bacteriological, Scharlab SL). The cultures for all the strains were incubated from 
three colonies overnight at 37ºC before the assays.  
2.7.3.2. Bacterial adhesion 
Bacteria suspensions were diluted to an absorbance of 0.20±0.01 at 600nm using 
a Laxco MicroSpek DSM-Cuvette Cell Density Meter (Cole Parmer, USA), giving 
approximately 1·108 Colony Forming Units (CFU). Either 1 mL or 5µL of the bacterial 
suspension were placed on top of the samples and left 2h at 37ºC. After this time samples 
were cleaned twice with PBS. Adherent bacteria were detached by vortexing the disks 
for 5 min in 1 mL of PBS. Detached bacteria were then seeded using serial dilutions in 
bacterial media-agar plates. The plates were then incubated overnight at 37ºC and the 
resulting CFU were counted. Three samples for each condition were studied. 
2.7.3.3. Agar diffusion test 
Bacteria incubated overnight were diluted to an absorbance of 0.20±0.01 at 
600nm, giving approximately 1·108 CFU/mL. 100µL of the suspension were seeded on 
the agar plate and the samples were placed upside down on the bacteria. The plates were 
incubated overnight at 37ºC and the inhibition zone was measured by a picture using the 
software ImageJ (Figure 2.15). 
The inhibition zone was calculated from the diameter of the inhibition zone (ϕiz) 
and the diameter of the sample (ϕs), according to the Equation 5 [16] 
 
𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛⁡𝑧𝑜𝑛𝑒⁡𝑠𝑖𝑡𝑒 =
Φ𝑖𝑧 −Φ𝑠
2
 
Equation 5 
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Figure 2.15. Representation of the inhibition zone for the agar diffusion test 
2.7.3.4. Growth inhibition (double-well test) 
In order to test the dynamic antibacterial activity of eluents from the samples, a 
double-well test was designed. With this objective, two adjacent wells from a 48 well 
multiwell plate (Nunc) were connected by melting the walls, in order to have two 
connected wells, one for the titanium sample and the other one for the measurement of 
the growth curve of the bacteria by spectrophotometry. Bacteria for this assay were 
grown overnight and diluted to an optical density of 0.02, corresponding to 106CFU/mL 
(pre-exponential growth phase). 1mL was placed on each well and the absorbance at 
600nm was monitored by a multiplate reader every 10min (Multimode microplate 
reader, Synergy™ HTX). Before each measurement, the plate was shaken for 3s in order 
to ensure the homogeneity of the suspension. 
2.7.3.5. Minimum inhibitory concentration (MIC) 
Analysis of the minimum inhibitory concentration of the antimicrobial peptides 
was carried out through recording bacterial growth curve (as reported in section 2.7.3.4) 
in presence of increasing concentration of the peptide. 
2.7.4. Co-culture studies 
Cell-bacteria co-culture experiment was an adaptation from [17,18]. For cell 
adhesion studies, 2·104cells were seeded on each sample and left for 24h at 37ºC. For 
co-culture experiments, a suspension of either S. aureus or E. coli was adjusted to an 
optical density of 0.2 in BHI, giving approximately 1·108cells/ml. 5µl 
(5·105cells/sample) of the bacterial suspension were seeded on each sample. After 2h at 
37ºC, samples were washed three times in order to eliminate the non-attached bacteria, 
and hFFs in modified DMEM (DMEM with 2% BHI) at 2·104cells/sample were seeded 
and incubated for 24h. After the incubation time, all the samples were washed twice 
with PBS, fixed and stained with Phalloidin-Rhodamin (Invitrogen) and DAPI 
(Invitrogen) for observation. Images were taken with a Leica TCS SPE confocal 
microscope and analyzed with Image J software. Five images were taken for each 
sample for the quantification, using duplicates for each condition.  
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2.8. Statistical analysis 
Statistical analysis was performed with Minitab 17TM software (Minitab Inc, State 
College, PA, USA). Data were analyzed by Student’s t-test and one-way ANOVA tables 
with Tukey’s multiple comparison tests in order to evaluate statistically significant 
differences between sample groups. The differences were considered as statistically 
significant when p<0.05. The results are expressed as the average ± standard deviation 
of at least three independent samples, except for XPS results which were done with two 
samples.  
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The results and discussion of the thesis are described in this section. Chapter 3 
presents the characterization of the sample preparation by plasma activation. 
Chapters 4-7 describe and discuss the results regarding the preparation of 
antifouling coatings on titanium, and are organized according to the coating 
strategy. Finally, in chapter 8 an overall discussion is given by comparing the 
coating strategies in terms of the coating properties and the in vitro performance.  
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3. TITANIUM SURFACE ACTIVATION BY LOW 
TEMPERATURE PLASMA 
Plasma activation is a widely used process in the sample pre-treatment for the 
preparation of coatings or for surface cleaning of biomaterials. This process is based on 
the reactions of the reactive species of plasmas (i.e. atoms, radicals, charged particles or 
electrons) with the contamination present on the surface of a biomaterial. If the reaction 
of the molecules is producing volatile products, these can be pumped away from the 
plasma chamber [1]. On the other hand, the treatment of surfaces with plasma and the 
subsequent interaction of the oxygen or humidity of air may lead to the formation of 
oxygen functionalities that can be used to link polymers or biomolecules to the titanium 
surface. In this chapter, the process of plasma activation of titanium is studied. 
3.1. Plasma phase characterization 
Optical emission spectroscopy spectra for the plasma discharge of argon and 
oxygen evaluated in this thesis was recorded in order to identify the main species 
emitting light in the plasma phase. The oxygen spectrum (Figure 3.1a) shows mainly 
two peaks.  
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Figure 3.1. OES spectra of oxygen plasma (a) and argon plasma (b) 
The peak showing the higher intensity at 777nm corresponds to the first transition 
line of the monoatomic oxygen (Equation 6).  
 3𝑝5𝑃 → 3𝑠5𝑆 Equation 6 
The other peak present in the spectrum is related to the first transition of the first 
ionization of oxygen (𝑂2
+) (Equation 7). These two peaks have been assigned 
accordingly to previous references [2]. 
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 𝑏4Σ𝑔
− → 𝑎4𝜋𝑢 Equation 7 
In the argon spectrum (Figure 3.1b), mainly two regions can be found. The first 
region, in the range 690-900nm, corresponds to the transition from 3p54p to 3p54s. The 
second region, in the range of 400-650nm, which is less intense, and corresponds both 
to the transition 3p55p to 3p54s and the spectral lines of ionized argon. Band assignation 
(Table 3.1) has been done according to the studies by Crintea et al [3]. 
Table 3.1. Assigned peaks of the main transitions of the OES spectra of argon 
λ (nm) (Theoretical) λ (nm) (Experimental) Associated transition 
454.5 455 
3p55p→3p54s 
Lines of Ar+ 
465.7 466 
472.6 472 
476.4 477.5 
496.5 495.5 
501.7 502.5 
528.7 528.5 
706.7 705 
3p54p→3p54s 
727.3 727 
751.5 751 
794.8 796 
794.8 796 
810.6 806 
842.5 844.5 
3.2. Characterization of plasma activated Ti surfaces 
3.2.1. Wettability 
Wettability of the samples is an indicator of surface functionalization (herein 
activation, since the presence of polar moieties and the reduction of organic 
contamination renders an increase on the wettability. The wettability was increased with 
all the plasma activation (PA) treatments with non-polymerizing gases at different 
powers from an initial value of water contact angle of 57º for the Ti to a superhydrophilic 
surface (below 5º) following the plasma activation treatment (Figure 3.2). The best 
wettability was obtained for the argon activation at 100 W (ArPA5_100), as these 
samples display the lowest water contact angle. 
3.2.2. Chemical composition 
Chemical composition was analyzed by XPS on plasma activated samples and on 
untreated Ti, and revealed the presence of oxygen, carbon and titanium, which probably 
account for the presence of titanium oxide and of adsorbed contaminants on the surface. 
The XPS of the plasma activated samples was performed on two of the studied 
conditions: O2PA5_200 and ArPA5_100, which are the most effective activation 
conditions according to the wettability results. In both conditions, due to the cleaning 
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effect of the treatment, a decrease of the carbon amount on the titanium surface can be 
observed comparing the untreated Ti to the plasma activated sample (Table 3.1).  
Table 3.2. Atomic concentration (in %) of the carbon, oxygen and titanium amount present on 
the Ti, O2PA5_200 and ArPA5_100 
At. Comp (%) C 1s O 1s Ti 2p 
Ti 23 ± 2 59 ±  1 18 ± 1 
O2PA5_200 13 ± 2 64 ± 1 23 ± 1 
ArPA5_100 15 ± 1 62 ± 1 22 ± 1 
 
The lower attenuation of the substrate signal due to the elimination of organic 
contaminants on the surface, made the titanium and oxygen signals more intense, 
yielding higher atomic concentration. Differences between the O2PA5_200 and the 
ArPA5_100 are not statistically significant. Following the results on wettability and 
XPS, the condition selected for further work in the titanium activation was ArPA5_100. 
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Figure 3.2. Water contact angle of the activated samples as a function of plasma activation time 
with different gases (oxygen and argon) and different powers (100, 200W) 
Activation of titanium is an important step for its subsequent chemical 
functionalization, as titanium is naturally covered by a titanium oxide layer with low 
chemical reactivity [4,5]. As shown by XPS (Table 3.1), plasma activation has two main 
effects on the titanium surface, as removes organic contaminants (hydrocarbons) 
adsorbed on the surface [6,7], and produces a reactive surface which can be then used 
in a subsequent step for the bonding with a polymeric layer [1,4,8]. This treatment 
renders a higher hydrophilicity, as shown by the water contact angle measurements 
(figure 2a). The cleaning and activation process was followed by water contact angle, 
where it can be observed that all the different plasma activation conditions tested yield 
a water contact angle lower than that of untreated Ti (Figure 3.2). Oxygen and argon 
were evaluated for activation and argon showed to be more effective. While higher 
power correlates with higher wettability, employing argon as plasma gas leads to contact 
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angles as low as 5º already at the lowest power evaluated here. This fact can be explained 
by the differences in the breakdown potential of the two gases. As argon has a lower 
breakdown voltage than oxygen, the plasma dissociation is easier and the number of 
active species is higher. Thus, the enhanced activation can be achieved with argon at 
lower plasma powers [9–12]. 
3.3. Aging of the plasma activated samples 
Since plasma activation will be used as the first step for the different PEG 
coatings processes studied in this thesis, the evolution of the sample wettability with 
storage time after plasma treatment (herein aging) was analyzed. An increase on the 
water contact angle can be observed for all the plasma treatment time conditions (Figure 
3.3).  
0 3 6 9 12
0
20
40
60
80

(
º)
Storage time after plasma activation treatment (days)
 ArPA100_05
 ArPA100_0.75
 ArPA100_1
 ArPA100_2
 ArPA100_5
 
Figure 3.3. Aging of the activation process for the condition ArPA100 and different times of 
plasma treatment. 
The change on the wettability can be explained by a loss of the most reactive 
functional groups formed on the surface and the adsorption of a layer of contaminants 
from air, process known as hydrophobic recovery [13,14]. The decrease in the 
wettability is faster for shorter treatments. For instance, a plasma activated sample for 
30 s (ArPA0.5_100) shows the same water contact angle than titanium after 2 days of 
storage, while the sample activated for 5 min (ArPA5_100) evolves slower and does not 
reach the wettability of the untreated titanium until 7 days after plasma activation 
treatment. Within the first day after the plasma activation for 5 min, the difference in 
water contact angle is not significant. Hence, the subsequent functionalization 
treatments of the samples can be performed during the same day of the plasma treatment. 
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4. SURFACE FUNCTIONALIZATION OF TITANIUM BY PEG 
SILANIZATION 
Silanization is a technique based on the interaction of the hydroxyl groups with 
a silane. For the case of titanium, alkanosilanes are commonly used for the further 
immobilization of biomolecules or polymers [1,2]. In this chapter, the use of the 
silanization technique for the immobilization of PEG on titanium is reported. The 
approach taken in this thesis is based on the work by Sharma and coworkers dealing 
with the use of silanized PEG for silicon substrates [3–5]. 
4.1.  Surface characterization 
4.1.1. Wettability 
Water contact angle of the PEG coated samples (Figure 4.1) decreased in 
comparison to untreated titanium. The coated samples reached values around 15º for the 
two treatment times used in the study of silanization. No differences were observed 
when comparing the two treatment times, i.e. 30 min and 2 h. 
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Figure 4.1. Water contact angle of the PEG-silane coated samples. a indicates statistically 
significant differences compared to Ti 
The values obtained in previous studies reported higher water contact angles. For 
instance, Guo et al. developed a silanization of PEG on silicon wafers and found values 
of 37.8º after 30min of immersion and 33.8º after 2h of immersion [6]. In another study, 
Schlapak et al. used a coupling technique between the terminal amines of a 
functionalized PEG and the aldehydes groups on the surface of a glass substrate and 
found values around 40º for the PEG-modified sample [7]. Another example of the water 
contact angle of PEG was reported by Ito et al. for the use of photoimmobilization of 
PEG on titanium, and a value of 39º was found for the coated sample [8].  
Despite the fact that the water contact angle measured for the silanized PEG is 
lower than the reported in previous studies, differences on the processing (reactants, 
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solvents) and the substrates used may lead to differences on the water contact angle. 
One fact that should be taken into account is the reduction of the contact angle when 
comparing the bare titanium and the PEG-coated sample. It is related to the properties 
of the polymer when immobilized to a surface and to the antifouling properties of the 
coatings. 
4.1.2. Chemical composition 
ATR-FTIR spectra (Figure 4.2) revealed the presence of the main peaks 
associated with PEG, i.e. C-H stretching at 2950cm-1 and C-O stretching at 1100cm-1. 
Another peak at 1050cm-1 can be attributed to the Si-OCH3 stretching from the silane 
presence [9,10]. 
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Figure 4.2. ATR-FTIR of the SPEG30 and SPEG120 
The composition of the surface was assessed by XPS on Ti, the plasma activated 
sample (ArPA200_5) and SPEG120 (Table 4.1). The main components found were 
carbon, oxygen and titanium for the Ti and the ArPA200_5, while for the SPEG120, 
silicon and chloride were also found. As reported in section 3.2, plasma activation 
reduces the amount of carbon present and, subsequently, increases the amount of 
titanium, since the signal from the substrate is less attenuated. Regarding the SPEG120, 
an increase on the C1s signal is observed, showing the presence of an organic layer on 
the titanium substrate. The presence of the coating can be observed also from the 
decrease on the Ti2p signal. The increase on the Si2p signal may be indicative of the 
silanization process, as well as the increase on the Cl2p signal. These results are in 
accordance with the ones found by Sharma et al. [5] for the coating of silicon wafers 
with silanized PEG. The thickness of the PEG-silane coated sample was 1.8 nm as 
calculated by the attenuation of the substrate signal by XPS (section 2.6.3.3). This value 
is similar to the previous one obtained for this coatings on silicon wafers [3,11]. 
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Table 4.1. % atomic composition by XPS of Ti, plasma activated titanium and SPEG120 
 C1s O1s N1s Si2p Cl2p Ti2p 
Ti 23.5 ± 0.8 59.6 ± 0.8 0.6 ± 0.1 0.2 ± 0.0 0.1 ± 0.1 16.0 ± 0.1 
ArPA200_5 15.0 ± 0.7 62.1 ± 0.7 0.3 ± 0.1 0.3 ± 0.0 0.0 ± 0.1 22.3 ± 0.1 
SPEG120 17.7 ± 0.5 57.7 ± 0.8 0.3 ± 0.0 10.9 ± 1.2 1.8 ± 0.0 13.4 ± 0.9 
The decomposition of the C1s signal revealed the presence of three main peaks 
(Table 4.2). The peak at 285.0eV is related to the presence of hydrocarbons (C-C). The 
one at 286.5eV is related to the presence of ether bonds (C-O) and the last one at 
288.0eV is related to carbonyl or carboxyl moieties (C=O, O-C=O). 
Table 4.2. Contribution of the peaks on the XPS spectra of C1s 
Binding Energy (eV) 285.0 286.5 288.0 
Ti 58.9 ± 1.6 32.2 ± 0.9 9.0 ± 0.8 
Ti_ArPA200_5 58.7 ± 1.4 34.7 ± 1.4 6.5 ± 0.1 
SPEG120 44.5 ± 0.9 46.9 ± 0.7 8.5 ± 0.8 
ToF-SIMS analysis of the sample was performed in SPEG120 in order to check 
the functionalization of the surface compared to the bare titanium. The main peaks of 
the positive spectra (Figure 4.3) were assigned according to previous references with 
similar coatings [12].  
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Figure 4.3. Positive spectra for Ti and SPEG120. Peak assignation can be found in Table 4.3 
The presence of PEG can be observed by the characteristic peak of the polymer 
fragmentation, C2H5O+. Other peaks from PEG can also be observed, such as CH3O+ or 
C3H7O+. A reduction on the intensity of the peaks from the substrate (Ti and TiO) when 
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comparing the PEG coated sample and the bare titanium confirms the presence of a layer 
covering the substrate (Table 4.3). 
Table 4.3. Peak assignation of the positive spectra of Ti and SPEG120 
Peak number Peak assignation Mass (a.m.u.) 
1 CH3 15.0234  
2 C2H3 27.0234  
3 C2H4 28.0313  
4 CH3O 31.0183  
5 C2HO 41.0027  
6 C2H3O 43.0183  
7 C2H5O 45.0340  
8 Ti 47.9479  
9 SiCH3O 58.9953  
10 TiO 63.9428  
11 C3H5O2 73.0289  
An imaging of the composition of the layer by ToF-SIMS (Figure 4.4) revealed 
the homogeneous composition of the coating, since the different fragments observed 
were distributed on the surface. Moreover, the predominant peak is the characteristic 
one for the PEG fragmentation, C2H5O. Both signals from the substrate, Ti and TiO 
were almost undetectable. 
 
Figure 4.4. Representative peaks from the positive imaging of SPEG120. Field of view is 
500x500 µm2 
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4.2. Biological characterization 
4.2.1. Cytotoxicity 
Eluents from the silanized samples did not show any toxic effects for human 
fibroblasts (Figure 4.5), since the cell viability after 48h in contact with the eluent is not 
significantly affected, and it is for all the cases, higher than 80% [13].  
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Figure 4.5. Cell viability of hFFs after 48h in contact with the eluents of the silanized samples 
4.2.2. Protein adsorption: FTIC-BSA 
BSA adsorption was studied by labeling the protein with FITC (Figure 4.6). The 
fluorescence intensity is lower for the PEG coated samples, showing a decrease on the 
protein adsorption. The same trend was reported by Sharma et al. in PEG-silane 
functionalized silicon wafer [4]. The antifouling effect is higher when increasing the 
immersion time of the titanium samples in the silanization process, in accordance to 
previous studies [14]. 
 
Figure 4.6. Representative fluorescence images of FITC-BSA adsorption on Ti (a), SPEG30 
(b) and SPEG120 (c). Quantification of the fluorescence intensity (d). a indicates statistically 
significant differences compared to Ti (p<0.05) 
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4.2.3. Bacterial adhesion 
Regarding the bacterial adhesion of S. sanguinis and L. salivarius on the coated 
samples, a decrease can be observed for both time conditions, SPEG30 and SPEG120. 
The decrease on the bacterial adhesion follows a trend with the time of immersion of 
the titanium on the silane-PEG solution, in the same manner as the albumin adsorption. 
This fact can be associated with the higher grafting density that might be obtained at 
longer immersion times, as reported in previous studies [14]. 
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Figure 4.7. Bacterial adhesion of S. sanguinis and L. salivarius on Ti and PEG-silane coated 
samples. a indicates statistically significant differences compared to Ti in each assay (p<0.05) 
4.3. RGD functionalization 
SPEG120 was functionalized with the cell adhesion peptide RGD by 
physisorption, i.e. immersion in a solution of the peptide in PBS. A change in the water 
contact angle from a value of 15º to 30º is detected. 
XPS analysis (Table 4.4) was performed in order to detect the RGD 
incorporation. An increase on the carbon signal can be observed, while the titanium and 
silicon signal is reduced. These differences may be indicative of the presence of the 
RGD peptide. The decrease on the silicon and titanium signal of the SPEG120_RGD 
compared to the SPEG120 is due to the attenuation of the substrate signal, which is 
characteristic of the presence of an organic layer. 
Table 4.4. XPS atomic % of the PEG coated sample without and with physisorbed RGD 
 C1s O1s N1s Si2p Cl2p Ti2p 
SPEG120 17.7 ± 0.5 57.7 ± 0.8 0.3 ± 0.0 10.9 ± 1.2 1.8 ± 0.0 13.4 ± 0.9 
SPEG120_RGD 25.8 ± 1.8 58.9 ± 1.0 0.4 ± 0.1 5.2 ± 0.6 1.7 ± 0.3 8.0 ± 0.5 
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4.3.1. Cell adhesion 
Cell adhesion of hFFs was tested in both the PEG coated samples with and 
without RGD (Figure 4.8). While the presence of the silanized PEG coating reduces the 
cell adhesion, the incorporation of RGD in the coating increases the cell adhesion up to 
the level of bare titanium. Regarding the cell spreading observed by SEM (Figure 4.8a-
c) no differences were found among the different conditions. 
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Figure 4.8. hFFs adhesion on the PEG coated sample with and without RGD. Scale bar 
represents 50µm 
4.3.2. Bacterial adhesion 
Bacterial adhesion with S. sanguinis and L. salivarius (Figure 4.9) was not 
significantly affected by the presence of RGD on the coating either on the titanium or 
the PEG-coated sample. Despite the fact that some pathogenic bacterial strains have 
adhesins able to interact with extracellular matrix proteins, no increase in the adhesion 
of the two studied bacterial strains has been observed.   
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Figure 4.9. Bacterial adhesion of S. sanguinis and L. salivarius 
  
CHAPTER 4  PEG SILANIZATION  
 
 
60 
 
4.4. References 
[1] W.-C. Chen, C.-L. Ko, Roughened titanium surfaces with silane and further RGD 
peptide modification in vitro, Mater. Sci. Eng. C. Mater. Biol. Appl. 33 (2013) 2713–22. 
doi:10.1016/j.msec.2013.02.040. 
[2] M. Godoy-Gallardo, J. Guillem-Marti, P. Sevilla, J.M. Manero, F.J. Gil, D. Rodriguez, 
Anhydride-functional silane immobilized onto titanium surfaces induces osteoblast cell 
differentiation and reduces bacterial adhesion and biofilm formation, Mater. Sci. Eng. 
C. Mater. Biol. Appl. 59 (2016) 524–32. doi:10.1016/j.msec.2015.10.051. 
[3] K.C. Popat, S. Sharma, T.A. Desai, Quantitative XPS Analysis of PEG-Modified Silicon 
Surfaces, J. Phys. Chem. B. 108 (2004) 5185–5188. doi:10.1021/jp049260j. 
[4] S. Sharma, K.C. Popat, T. a. Desai, Controlling nonspecific protein interactions in 
silicon biomicrosystems with nanostructured poly(ethylene glycol) films, Langmuir. 18 
(2002) 8728–8731. doi:10.1021/la026097f. 
[5] S. Sharma, R.W. Johnson, T.A. Desai, XPS and AFM analysis of antifouling PEG 
interfaces for microfabricated silicon biosensors, Biosens. Bioelectron. 20 (2004) 227–
39. doi:10.1016/j.bios.2004.01.034. 
[6] Z. Guo, S. Meng, W. Zhong, Q. Du, L.L. Chou, Self-assembly of silanated poly(ethylene 
glycol) on silicon and glass surfaces for improved haemocompatibility, Appl. Surf. Sci. 
255 (2009) 6771–6780. doi:10.1016/j.apsusc.2009.02.034. 
[7] R. Schlapak, P. Pammer, D. Armitage, R. Zhu, P. Hinterdorfer, M. Vaupel, et al., Glass 
surfaces grafted with high-density poly(ethylene glycol) as substrates for DNA 
oligonucleotide microarrays, Langmuir. 22 (2006) 277–85. doi:10.1021/la0521793. 
[8] Y. Ito, H. Hasuda, M. Sakuragi, S. Tsuzuki, Surface modification of plastic, glass and 
titanium by photoimmobilization of polyethylene glycol for antibiofouling, Acta 
Biomater. 3 (2007) 1024–32. doi:10.1016/j.actbio.2007.05.010. 
[9] M. Isabel Tejedor-Tejedor,  and Liana Paredes, M.A. Anderson, Evaluation of 
ATR−FTIR Spectroscopy as an “in Situ” Tool for Following the Hydrolysis and 
Condensation of Alkoxysilanes under Rich H2O Conditions, (1998). 
doi:10.1021/CM980146L. 
[10] R. Banga, J. Yarwood, A.M. Morgan, B. Evans, J. Kells, FTIR and AFM Studies of the 
Kinetics and Self-Assembly of Alkyltrichlorosilanes and (Perfluoroalkyl)trichlorosilanes 
onto Glass and Silicon, Langmuir. 11 (1995) 4393–4399. doi:10.1021/la00011a036. 
[11] A. Alexander Papra, Nikolaj Gadegaard, N.B. Larsen, A. Papra, N. Gadegaard, N.B. 
Larsen, Characterization of Ultrathin Poly(ethylene glycol) Monolayers on Silicon 
Substrates, Langmuir. 17 (2001) 1457–1460. doi:10.1021/la000609d. 
[12] K. Norrman, A. Papra, F.S. Kamounah, N. Gadegaard, N.B. Larsen, Quantification of 
grafted poly(ethylene glycol)-silanes on silicon by time-of-flight secondary ion mass 
spectrometry, J. Mass Spectrom. 37 (2002) 699–708. doi:10.1002/jms.330. 
[13] International Organization for Standardization, ISO 10993-5: Biological evaluation of 
medical devices-Part 5: Tests for in vitro cytotoxicity, (2009). 
[14] S. Sharma, T.A. Desai, Nanostructured Antifouling Poly(ethylene glycol) Films for 
Silicon-Based Microsystems, J. Nanosci. Nanotechnol. 5 (2005) 235–243. 
doi:10.1166/jnn.2005.030. 
CHAPTER 5  PEG ELECTRODEPOSITION  
 
 
61 
 
5. PULSED PEG ELECTRODEPOSITION 
Electrodeposition is a process where an external applied electric field attracts 
charged particles towards the electrode. This process has some advantages such as the 
short processing time, the possibility of operate at room temperature and the use of a 
fluid (usually water) as a solvent [1]. Electrochemical processes can be applied to obtain 
polymeric coatings, using the current to attract monomers to the substrate, where the 
polymerization takes place. Some examples of polymeric coatings on titanium are the 
deposition of composite coatings of alginate and chitosan [1] or the 
electropolymerization of dopamine [2]. The strategy that is reported in this chapter is 
based on the use of a partially charged polymer, specifically a PEG amine-terminated. 
Pulsed electrodeposition was the selected method for the preparation of the coatings, 
using different pulse time and potential. The electrodeposited coatings were used for the 
functionalization with two antimicrobial peptides, human lactoferrin1-11 (hLF1-11) and 
magainin 2. 
5.1. Coating characterization 
5.1.1. Wettability 
Wettability was increased by the plasma activation treatment leading to a 
superhydrophilic surface (Figure 5.1). After applying the electrodeposition process, 
water contact angle increased to 25-45º. This values are in the range of the previously 
found by several authors [3,4], and they indicate the presence of a hydrophilic coating 
on the surface. 
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Figure 5.1. Water contact angle of the control and PEG-coated samples. a indicates statistically 
significant differences compared to Ti, b compared to ArPA100_5, c compared to EPEG_5, d 
compared to EPEG2.5_4, e compared to EPEG5_4 (p<0.05) 
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5.1.2. Chemical composition 
ATR-FTIR spectra (Figure 5.2) presented the characteristic peaks for a PEG 
coating. The peaks were attributed to CH2 bending at 963, 1342, 1455 and 1465cm-1, to 
CO stretching at 1106 and 1060cm-1 and to C-C stretching at 1149cm-1 [5]. 
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Figure 5.2. ATR-FTIR of electrodeposited samples 
XPS analysis of the samples revealed the presence of titanium, carbon, oxygen 
and nitrogen (Table 5.1). The presence of carbon, oxygen and nitrogen can be associated 
to the presence of the PEG-amine coating, since the polymer contains the three elements. 
The titanium substrate is naturally covered by a titanium oxide layer which accounts for 
the titanium and oxygen presence. Both carbon and oxygen detection may also be 
associated to adventitious contamination adsorbed on the surface.  
As previously reported, a decrease on the C1s signal can be observed when 
comparing Ti and ArPA100_5 samples, due to the decontamination of the samples 
during the plasma activation process [6]. Continuous electrodeposition (EPEG_5) 
rendered an increase on the C1s signal with respect of the non-coated samples, with 
similar values to the ones obtained by Tanaka et al. [7]. Subsequently, a decrease on the 
Ti2p signal can be observed due to the attenuation of the substrate signal.  
The coatings obtained in pulsed conditions (EPEG2.5_4, EPEG5_4, EPEG5_6, 
EPEG5_8 and EPEG7.5_4) presented a higher amount of carbon compared to the 
coating obtained in the continuous mode, which showed the higher yield of the pulsed 
processes. Among the pulsed conditions, EPEG7.5_4 was the one with less carbon 
amount. In the pulsed mode the Ti2p signal was undetectable except for the PEG7.5_4. 
The values for the atomic composition of the layers obtained by pulses are comparable 
to the theoretical values for an amino-terminated PEG with a molecular weight of 1500. 
This fact supports the presence of the polymer on the surface. 
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Differences on the nitrogen amount may be due to the surface depth analysis of 
XPS, since the polymer layers are thicker than the analysis depth and part of the nitrogen 
might be in direct contact with the titanium surface. This fact can be observed on the 
N/Ti ratio, which is higher for the pulsed electrodeposited samples. The higher presence 
of nitrogen on the outermost layer of the coating is a good indicator of the suitability of 
the coating for the further functionalization through the bond with the terminal amine of 
PEG. 
Table 5.1. Atomic % of the main components found on the titanium samples before 
electrodeposition and with the different conditions studied (XPS) 
 C 1s O 1s N 1s Ti 2p N/Ti 
Ti 23.5 ± 0.8 59.6 ± 0.8 0.6 ± 0.1 16.3 ± 0.1 0.04 
ArPA100_5 15.0 ± 0.7 62.1 ± 0.7 0.3 ± 0.1 22.6 ± 0.1 0.01 
Ti-PEG-cont 38.1 ± 0.9 47.7 ± 1.0 1.2 ± 0.1 13.9 ± 0.1 0.09 
Ti-PEG-2.5-4 73.6 ± 1.0 24.8 ± 0.9 1.1 ± 0.1 0.1 ± 0.2 11 
Ti-PEG-5-4 70.8 ± 0.5 26.3 ± 0.5 1.0 ± 0.1 1.2 ± 0.4 0.83 
Ti-PEG-5-6 68.3 ± 0.2 29.2 ± 0.2 1.5 ± 0.4 0.5 ± 0.2 3.00 
Ti-PEG-5-8 71.9 ± 0.6 26.2 ± 0.9 1.1 ± 0.1 0.7 ± 0.7 1.57 
Ti-PEG-7.5-4 63.7 ± 0.3 30.1 ± 0.2 1.4 ± 0.7 4.7 ± 0.3 0.30 
Theoretical-PEG 67.3 30.8 1.9 -  
In the decomposition of the C1s signal of XPS spectra (Figure 5.3), three different 
peaks can be found, corresponding to C-C bonds at 285eV, C-O bonds at 286.5eV and 
C=O peaks at 288eV.  
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Figure 5.3. Components contribution (as atomic %) to the C1s peak for the XPS decomposition. 
Theoretical atomic composition is shown for comparison (PEG-amine theor.) 
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An increase of the presence of the C-O bond for the coated samples is indicative 
of the presence of PEG, and an increase of this peak for the pulsed conditions suggest a 
higher grafting density of the polymer chains, as previously indicated by Sharma et al. 
and Sofia et al. [8,9]. However, EPEG7.5_4 has less presence of this peak, which 
suggests a lower density of polymer chains when applying a polarity inversion. 
Theoretical composition calculated for the PEG amine (Mw=1500) is showed for 
comparison. The presence of more oxidized CO bonds may account for the presence of 
contamination. 
5.1.3. Film thickness 
The thickness of the pulsed electrodeposited films cannot be estimated by the 
attenuation of the substrate signal in the XPS analysis because the coatings are thicker 
than the depth penetration of the photoelectrons. Cross sections of the coatings were 
prepared by FIB in EPEG_5 and EPEG5_6 samples in order to analyze differences 
between the pulsed and the continuous process (Figure 5.4). The value of the thickness 
approximated by the images is around 15 nm for the EPEG_5 and 25 nm for the 
EPEG5_6. 
 
Figure 5.4. FIB image of the coating. a) Ti-PEG-cont, b) Ti-PEG-5-6 (Scale bar 
indicates 200nm) 
5.2. Biological characterization 
5.2.1. Cytotoxicity and cell adhesion 
Indirect cytotoxicity of the PEG-coated samples (Figure 5.5a) revealed no toxic 
effect of the eluents of the samples, as the viability of the hFFs is higher than 80%. hFFs 
adhesion (Figure 5.5b) showed no significant differences of the PEG-coated samples 
when compared to the Ti for the EPEG2.5_4, EPEG5_4 and EPEG5_6, while the 
adhesion for the other conditions is a 60% of the adhesion on titanium. According to 
these results, a better biocompatibility of the EPEG2.5_4, EPEG5_4 and EPEG5_6 can 
be expected. Indeed, fibronectin adsorption analyzed by XPS showed a decrease on the 
amount of nitrogen content on the PEG-coated samples (from 8% of nitrogen on Ti to 
less than 5% on the PEG-coated samples both in continuous and pulsed mode) due to 
the decrease on the adsorption of the protein in the PEG-coated samples both in 
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continuous and pulsed mode. This results are in agreement with the studies of Altankov 
et al. and Röttgermann et al. [10,11]. In their studies, the capability of PEG coating to 
adsorb fibronectin was shown. The protein adsorption facilitated a certain degree of cell 
adhesion and spreading, making the coatings viable for tissue integration applications 
such as dental implants. 
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Figure 5.5. Cytotoxicity of the treated samples (a) and cell adhesion of hFFs (b). a indicates 
statistically significant differences compared to Ti (p<0.05) 
5.2.2. Bacterial adhesion 
Regarding bacterial adhesion with S. aureus and E. coli, a decrease can be 
observed when comparing control samples and PEG-coated samples (Figure 5.6). This 
behavior was previously observed by Tanaka et al. [12] in a continuous-mode 
electrodeposited sample. 
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Figure 5.6. Bacterial adhesion on the coated samples. a) S. aureus adhesion, b) E. coli adhesion. 
a indicates statistically significant differences compared to Ti, b compared to EPEG_5 and c 
compared to EPEG2.5_4 (p<0.05). 
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A significant decrease can be also observed when comparing the continuous-
mode electrodeposited sample (EPEG_5) to the pulsed ones in the S. aureus adhesion. 
However, this behavior was only observed for the E. coli adhesion in the samples with 
a ton=toff=4ms, i.e. EPEG2.5_4, EPEG5_4 and EPEG7.5_4. The values obtained in the 
continuous process are comparable to the ones reported for PEG coatings by several 
authors [13]. 
The morphological features of the bacteria adhering to the substrates were 
observed by SEM. Regarding S. aureus adhesion (Figure 5.7), a decrease was observed 
when comparing Ti samples to the PEG-coated samples. Images confirm the trend 
previously reported for the bacterial adhesion by CFU counting assay (Figure 5.6). 
Biofilm formation involves the quorum sensing of the bacteria, which needs a short 
distance between the bacteria. In the Ti sample, the bacteria started producing the 
extracellular matrix, since a polymeric compound is observed under the bacteria in the 
images of this sample (Figure 5.7a).  
 
Figure 5.7. Representative SEM images of S. aureus adhering to Ti (a), EPEG_5 (b), 
EPEG_2.5_4 (c), EPEG_5_4 (d), EPEG_5_6 (e), EPEG_5_8 (f), EPEG_7.5_4 (g). Scale bar 
represents 2µm. 
 
Figure 5.8. Representative SEM images of E. coli adhering to Ti (a), EPEG_5 (b), EPEG_2.5_4 
(c), EPEG_5_4 (d), EPEG_5_6 (e), EPEG_5_8 (f), EPEG_7.5_4 (g). Scale bar represents 
10µm. 
In the SEM images of E. coli adhesion on the Ti and PEG-coated surfaces (Figure 
5.8), the trend observed in the CFU counting assay was also confirmed. For this strain, 
the reduction on the bacterial adhesion was lower than the one found for S. aureus. The 
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number of adhering bacteria is low enough for the bacteria to be separated. Therefore, 
biofilm formation was not observed.  
E. coli has fimbriae, which are appendages that the bacteria use to adhere to other 
bacteria, to eukaryotic cells or to inanimate surfaces. Fimbriae are also related to the 
ability of bacteria to withstand shear forces and to the possibility to form a biofilm. 
These structures are observed in some cells in the control surface, but not in the PEG-
coated samples (Figure 5.9). Therefore, it may be concluded that the biofilm formation 
by E. coli will be hampered on the PEG-coated surfaces. 
 
Figure 5.9. SEM images of E.coli adhesion on Ti (a) and EPEG_5_4 (b), showing the presence 
of fimbriae in the bacteria adhered on the Ti sample but not on the EPEG_5_4 sample. Scale 
bar represents 2µm. 
5.2.1. Co-culture studies 
Co-culture assays with bacteria and hFFs are a good way to reproduce in vitro 
the “race for the surface” mechanism described by Gristina [14]. This assay was 
developed and validated by Zhao et al. [15] in order to test different dental materials. 
They found out that the best material to promote a biosealing was the smooth titanium. 
Since the assay allows the bacteria to colonize the surface in the first place, it was used 
in this study to evaluate the efficacy of the antifouling coating to repel the bacterial 
adhesion while allowing the eukaryotic cells adhesion. The area covered by cells on the 
PEG coatings in presence of bacteria (Figure 5.10) was lower than the same condition 
without bacteria, since the presence of the coating is not able to inhibit completely the 
bacterial adhesion.  
However, the presence of the PEG coating increased the area percentage covered 
by cells, showing the efficacy of the coatings to overcome the bacterial adhesion while 
allowing a certain degree of cell adhesion. 
When taking into account the cell spreading (Figure 5.12), the cells in the mono-
culture presented a good spreading on the surface, either in presence of the PEG coating 
or in titanium. In presence of E. coli the cells are less spread than in the mono-culture. 
However, in presence of S. aureus the cells are even more rounded. This fact can be 
related to several factors. On the one hand, the presence of the PEG coating is reducing 
but not completely inhibiting the bacterial adhesion. The remaining bacteria might 
impair the cell adhesion on the substrate. On the other hand, differences in the growth 
rate of the two strains might induce a different number of bacteria which can be 
responsible of the differences in the cell number and the cell spreading on S. aureus and 
E. coli. 
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Figure 5.10. Area covered by cells in presence of S. aureus respect the area covered by cells in 
the sample of the same condition without bacteria. a indicates statistically significant 
differences compared to Ti, b compared to EPEG_5, c compared to EPEG2.5_4 and d compared 
to EPEG5_4 
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Figure 5.11. Area covered by cells in presence of E. coli respect the area covered by cells in the 
sample of the same condition without bacteria. a indicates statistically significant differences 
compared to Ti, b compared to EPEG_5, c compared to EPEG2.5_4 and d compared to 
EPEG5_4 
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Figure 5.12. Fluorescence images of the hFFs actin filaments on the samples in mono-culture 
(hFFs), in co-culture with S. aureus (hFFs + S. aureus) and in co-culture with E.coli (hFFs + E. 
coli) 
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5.3. AMP immobilization 
5.3.1. Minimum inhibitory concentration 
The antibacterial effect of the peptides in solution was performed by the 
microdilution method using 2-fold dilutions of the studied peptides (Figure 5.13). The 
concentration of 1mM, which is much higher than the effective values found by other 
authors, was used as a control. S. aureus growth was hampered by all the peptides, since 
the final absorbance is lower than the absorbance of the positive control (S. aureus 
without AMP). The minimum inhibitory concentration (MIC) is usually reported as the 
lowest concentration of the tested antibacterial agent that completely inhibits the growth 
or produces at least 90% reduction of the absorbance in comparison to the absorbance 
of the positive control [16]. In this sense, the MIC90 of the peptide MG-1 was 1mM 
(Figure 5.13a) and the MIC of the peptide MG-2 was 128µM (Figure 5.13b). However, 
for the hLF1-11, none of the studied concentrations reached the 90% of reduction, 
showing a reduction in absorbance at the highest concentration of 50% for LF1 (Figure 
5.13c) and 65% for LF2 (Figure 5.13d).  
Previous studies of the activity of both magainin 2 and hLF1-11 reported lower 
MIC values than the ones found in this study. For instance, Zasloff [17] and Matsuzaki 
[18] reported a MIC of magainin 2 in the range of 2-50µM. A value of 100 µM was 
reported by Ge et al. [19] for a magainin analogue. This value is in the range of the one 
that is shown in this study.  
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Figure 5.13. Growth curves of S. aureus in contact with increasing concentrations of MG1 (a), 
MG2 (b), LF1 (c), LF2 (d) 
CHAPTER 5  PEG ELECTRODEPOSITION  
 
 
71 
 
Differences on the MIC values might be due to differences in the experimental 
set-up, like the initial number of bacteria used for the growth curves. Moreover, the 
activity of the AMPs in vitro is not always indicative of the peptide performance in vivo. 
In this line, Nibbering et al. [20] reported a better performance of different human 
lactoferrin derivatives when tested in mice than the in vitro response in the microdilution 
method. This behavior might be attributed to a synergy of the peptide with other serum 
proteins, local factors (pH, ion concentration) or interactions with host cells that are not 
taken into account when running a susceptibility assay in vitro.  
5.3.2. Selection of the immobilization technique by XPS 
The AMP immobilization method was tested by XPS on EPEG_5 (Table 5.2). 
The main changes observed were in the carbon, the nitrogen and the sulfur signal from 
the peptides. The three elements showed an increase when comparing the EPEG_5 
sample to all the AMP-functionalized coatings. Subsequently, a decrease in the titanium 
and the oxygen signal from the titanium oxide of the substrate was observed for the 
functionalized samples. As previously reported (section 5.1.3), EPEG_5 is the 
electrodeposited sample with the lowest thickness. This sample was selected for the 
study of the peptide immobilization technique because the signal from the substrate was 
not completely attenuated and, as a consequence, all the immobilized peptide could be 
detected. 
Table 5.2. XPS results as %atomic of EPEG_5 and the AMP with the two functionalization 
strategies 
 
C 1s O 1s N 1s Ti 2p S2p 
Ti 23.5 ± 0.8 59.6 ± 0.8 0.6 ± 0.1 16.3 ± 0.1 - 
ArPA100_5 15.0 ± 0.7 62.1 ± 0.7 0.3 ± 0.1 22.6 ± 0.1 - 
EPEG_5 38.1 ± 0.9 47.0 ± 1 1.2 ± 0.1 13.9 ± 0.1 - 
LF-1 51.5 ± 0.8 33.7 ± 0.1 8.3 ±  0.5 6.3 ± 0.1 0.2 ± 0.1 
MG-1 50.2 ± 0.1 36.0 ±0.4 7.5 ± 0.6 6.2 ± 0.2 0.1 ± 0.1 
LF-2 49.1 ± 0.2 33.1 ±0.1 11.9 ± 0.5 5.2 ± 0.1 0.7 ± 0.1 
MG-2 51.4 ± 0.3 32.8 ±0.7 9.6 ± 0.4 5.6 ± 0.3 0.5 ± 0.1 
The yielding of the two studied coupling methods may be estimated by taking 
into account the N1s and the S2p signals. According to the results, the linking with the 
N-terminal by the crosslinking of the thiol moiety of the aminoacid cysteine yield a 
higher peptide concentration in the outermost layer of the coating, since both the N1s 
and the S2p atomic concentration is higher for the AMPs coupled by this method (MG-
2 and LF-2). Thus, the crosslinking with the maleimide group is a better option than the 
esterification of the carboxylate with NHS/EDC. 
5.3.3. Cytotoxicity of the PEG-AMP coatings 
Indirect cytotoxicity of the AMP was checked to link both EPEG_5 and EPEG_5_4 
(Figure 5.14). No toxic effects were observed in the samples, showing the 
biocompatibility of the coatings. 
CHAPTER 5  PEG ELECTRODEPOSITION  
 
 
72 
 
Ti
Ti
-P
l
E
P
E
G
_5
E
P
E
G
_5
_M
G
1
E
P
E
G
_5
_M
G
2
E
P
E
G
_5
_L
F1
E
P
E
G
_5
_L
F2
E
P
E
G
_5
_4
E
P
E
G
_5
_4
_M
G
1
E
P
E
G
_5
_4
_M
G
2
E
P
E
G
_5
_4
_L
F1
E
P
E
G
_5
_4
_L
F2
0
40
80
120
%
 c
e
ll
 v
ia
b
il
it
y  1
 1/2
 1/10
 1/100
 1/1000
 
Figure 5.14. Indirect cytotoxicity of the AMP immobilized on EPEG_5 and EPEG5_4 
5.3.4. Bacterial adhesion 
Bacterial adhesion was checked with S. aureus for the AMP functionalization on 
EPEG_5 and EPEG_5_4 (Figure 5.15). As previously reported (section 5.2.2), the 
antifouling effect of the PEG coatings is higher when preparing the sample in pulsed 
conditions.  
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Figure 5.15. Bacterial adhesion S. aureus on the AMP functionalized EPEG_5 (a) and AMP 
functionalized EPEG_5_4 (b). a indicates statistically significant differences compared to Ti, 
and b compared to EPEG_5_4 (p<0.05) 
Regarding the AMP activity, both magainin 2 and hLF1-11 showed a better 
antibacterial activity when immobilized by the crosslinking with the maleimide group 
by the N-terminal of the peptide (MG1 and LF1). This result is related to the aminoacid 
sequence of the peptides. The antibacterial activity of the AMP is related to the presence 
of positively charged aminoacids (basically, arginine and lysine). The positive charges 
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on the two peptides used for this study are closer to the C-terminal than to the N-terminal 
(Table 5.3).  
Table 5.3. Aminoacid sequence of the peptides used in this study. Positively charged 
aminoacids (Arginine, R and Lysine, K) are in bold to highlight their position. 
Peptide name Aminoacid sequence 
Magainin 2 GIGKFLHSAKKFGKAFVGEIMNS 
hLF1-11 GRRRRSVQWCA 
Hence, the linking of the peptide by the C-terminal may reduce the availability 
of the positively charged aminoacids and the antibacterial activity. However, the results 
might also be related to the yield of the linking protocol. As shown by the XPS results, 
a higher yield was observed with LF-1 and MG-1, which are the peptides showing the 
better antibacterial activity after the immobilization. 
5.3.5. Biofilm formation: live-dead test 
In order to evaluate the AMP activity, samples from the bacterial adhesion test 
were stained with a Live-dead kit (Figure 5.16). This kit contains two nucleic acid stains, 
SYTO® 9 green and propidium iodide. SYTO® stains all bacteria in green, while 
propidium iodide, which labels in red, is only able to penetrate bacteria with damaged 
membranes. 
 
Figure 5.16. Live-dead images of the PEG-coated and the PEG + AMP coated samples. Ti (a), 
EPEG_5 (b), EPEG_5_4 (c), EPEG5_4_LF1 (d), EPEG5_4_LF2 (e), EPEG5_4_MG1 (f), 
EPEG5_4_MG2 
Bare titanium (Figure 5.16a) is the surface showing the higher bacteria presence, 
with almost all the bacteria with intact membranes. EPEG5 (Figure 5.16b) and 
EPEG5_4 (Figure 5.16c) showed a lower presence of bacteria, confirming the results 
from the bacterial adhesion test. PEG is an antifouling polymer and has no antibacterial 
effect, thus almost all the bacteria observed in the assay are intact. Even though the 
samples with AMP had a similar amount of bacteria when compared to the EPEG5_4, 
the presence of red-stained bacteria reveals the ability of the peptides to disrupt the 
bacterial membrane. The results obtained in the bacterial adhesion test and the live-dead 
test show the feasibility of AMP functionalized PEG coatings as a combination of 
bactericidal and antifouling coatings. 
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6. PEG-LIKE COATINGS ON TITANIUM BY LOW PRESSURE 
PLASMA POLYMERIZATION 
Plasma treatments are a suitable technique for the production of polymeric layers 
on different substrates, such as polymers [1–3] or stainless steel [4]. Plasma-based 
methods are solvent-free, allow the treatment of several samples at the same time and 
are suitable for the treatment of complex geometries. The properties of plasma coatings 
can be controlled by modifying the parameters of the plasma treatment such as the 
pressure, plasma power and the type of precursor used, among others [2]. In this chapter 
the use of low-pressure plasma for the production of PEG-like coatings from two 
different monomers is described. In the first part, a plasma polymerized tetra(ethylene 
glycol) dimethyl ether (tetraglyme) coatings is characterized. The second part deals with 
the use of di(ethylene glycol) dimethyl ether (diglyme) as the plasma polymerization 
precursor. The coatings obtained with Diglyme are used in the third part as a drug 
delivery system for an antibiotic (doxycycline). 
6.1. Plasma polymerization of tetraglyme 
6.1.1. Surface characterization 
6.1.1.1. Wettability 
Water contact angle of the plasma polymerized samples (Figure 6.1) shows the 
hydrophilic character of the PEG-like coating, with water contact angles ranging 
between 10-30º.  
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Figure 6.1. Water contact angle of the tetraglyme pulsed plasma coated samples at different 
plasma peak power. 
The values obtained are slightly lower than the range of values found in literature 
[5–9]. All the coatings have been produced on plasma activated samples without 
breaking the vacuum for the subsequent low pressure plasma polymerization treatment. 
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6.1.1.2. Topography 
The roughness of the samples by optical interferometry had similar values before 
and after coating (from a Ra value of 45 ± 5 nm before the polymerization to a value of 
46 ± 4 nm). This fact was confirmed by SEM, where no changes on the topography were 
either observed (Figure 6.2). 
 
Figure 6.2. SEM image of Ti (a) and PP100_1 (b). Scale bar indicates 2 µm 
6.1.1.3. Chemical composition 
FTIR spectra of the tetraglyme plasma polymerized coatings (Figure 6.3) show 
the characteristic peaks for a PEG-like coating obtained by plasma polymerization. For 
comparison, the spectra of a commercial PEG with Mw=1000 was also recorded. 
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Figure 6.3. FTIR spectra of the plasma polymerized sample at 100W, 1h. Two main peaks can 
be observed, st(C-O) at 1100cm-1 and st(C-H) at 2950cm-1. 
For the reference spectra, the characteristic bonds of the polymer can be identified 
[8,10–12]. PEG presents two kinds of oxygen functionalities, ether groups (C-O-C) and 
alcohol groups in the terminals of the polymer (C-OH). Other bonds that can be found 
are C-C and C-H, from the carbon functionalities (Table 6.1). Specifically, the bands 
above 2900cm-1 are associated to C-H stretching bonds from single bonds (CH2 and 
CH3). The presence of bands from 1440 to 1380cm-1 account for the C-H bending mode, 
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and the bands centered at 1100cm-1 are associated to the stretching modes of C-O and 
C-O-C, which are characteristic of PEG. 
Table 6.1. Band assignation for the FTIR spectra of the reference PEG and the 
PEG coating obtained by plasma polymerization 
 PEG ( (cm-1)) PEG coating ( (cm-1)) 
C-H in plane bending 842, 961 777, 871 
C-O-C stretching 1060, 1113 1039, 1100 
C-C stretching 1237, 1282, 1340, 1365 Not observed 
C-H stretching 2803, 2888, 2952 2853, 2932, 2971 
O-H stretching 3451 3451 
 
Some of the bands are absent or reduced in intensity if compared to the reference 
PEG. This might be an indication of cross-linking for the plasma polymerized coating, 
with changes in the C-H bands, through the reduction of the C-H stretching bands and 
the C-C stretching bands. The cross-linking can also be observed from a shifting on the 
bands centered at 1100cm-1. It indicates a change on the chemical structure of the plasma 
polymerized coating when compared with the precursor. FTIR analysis did not allow 
recording any differences between the different polymerization conditions. The cross-
linking is a good tool to decrease the solubility of the plasma polymerized tetraglyme 
layers [10,13]. 
The atomic concentration of the elements in the outer surface was recorded by 
XPS (Table 6.2). When comparing the plasma polymerized tetraglyme samples with the 
plasma activated ones, an increase of the carbon amount can be observed while the 
titanium peak decreases. The increase on the C/Ti ratio reflects the formation of a PEG-
like coating on the surface, which is further confirmed by the high-resolution 
decomposition of the carbon peak (Table 6.2). Moreover, longer polymerization times 
rendered a higher C/Ti ratio, showing a higher yielding of the polymerization. 
Table 6.2. Atomic concentration (in atomic%) of carbon, oxygen and titanium obtained by XPS, 
and C/Ti ratio 
% at. Comp. C 1s O 1s Ti 2p C/Ti 
Ti 23.5 ± 1.3 59.0 ± 0.5 17.5 ± 0.8 1.3 ± 0.1 
ArPA5_100 15.6 ± 0.4 62.8 ± 1.0 21.6 ± 0.7 0.7 ± 0.0 
PP100_30 39.3 ± 13.8 46.9 ± 10.1 13.7 ± 3.6 1.9 ± 0.0 
PP100_60 38.9 ± 0.0 51.8 ± 0.7 10.1 ± 0.4 3.8 ± 0.1 
PP150_30 48.3 ± 0.8 44.8 ± 0.6 6.9 ± 0.5 6.9 ± 0.2 
PP150_60 50.8 ± 0.7 43.9 ± 0.4 5.2 ± 0.7 9.7 ± 0.0 
PP200_30 45.5 ± 0.19 46.4 ± 0.1 8.1 ± 0.3 5.6 ± 0.2 
PP200_60 53.2 ± 0.5 41.6 ± 0.5 5.1 ± 0.0 10.3 ± 0.0 
 
In the fitting of the C1s peak (Table 6.3), four different peaks can be found. The 
peaks correspond respectively to hydrocarbon bonds (C-H, C-C) at 284.8 eV, ether 
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bonds (C-O-C) at 286.5 eV, carboxyl bonds (O-C-O) at 288 eV and carboxylic bonds 
(O-C=O) at 289 eV. The peak at 286.5 eV is the most characteristic of PEG as it is 
associated with ether bonds. This peak shows a decrease with increasing power and time 
of polymerization. The peaks at 288 eV and 289 eV can be related to the fragmentation 
of the precursor during the polymerization. 
Table 6.3. Components (in atomic %) of the C 1s peak according to the carbon environment in 
the coated samples 
 C-H, C-C C-O-C O-C-O O-C=O 
Ti 63.95 ± 1.2 16.31 ± 2.1 19.74 ± 0.5 - 
ArPA5_100 65.5 ± 2.2 27.63 ± 2.1 7.36 ± 0.8 - 
PPT100_30 1.38 ± 1.3 67.20 ± 3.4 20.61 ± 1.7 10.82 ± 3.0 
PPT100_60 14.28 ± 1.7 59.03 ± 2.0 11.97 ± 2.8 14.74 ± 3.0 
PPT150_30 23.63 ± 11.1 45.74 ± 3.1 25.02 ± 12.7 5.62 ± 1.6 
PPT150_60 18.37 ± 1.7 41.28 ± 1.1 32.46 ± 2.2 7.89 ± 0.6 
PPT200_30 13.63 ± 0.1 47.97 ± 2.4 32.40 ± 2.7 6.01 ± 0.4 
PPT200_60 20.97 ± 8.3 43.61 ± 0.4 28.88 ± 7.7 6.55 ± 1.1 
 
XPS results (Table 6.2) show an increase in the carbon amount due to the 
deposition of the PEG-like coating on the surface [14,15]. This is a consequence of 
attenuation of the substrate photoelectrons by the polymeric coating [16]. The C/Ti ratio 
is therefore a good indicator of the thickness of the coating [17], therefore a higher 
amount of PEG-like coating can be detected for the samples polymerized at 150W and 
200W (PPT150_60 and PPT200_60). A higher amount of PEG can be observed at 
constant power for the samples polymerized at 1h. However, it should be taken into 
account that this results are an approximation, since the presence of adventitious 
contamination might be slightly different among the samples. 
From the XPS results, it can be concluded that the higher the power and time of 
polymerization, the thicker the coating obtained. The results of the ratio C/Ti were 
further contrasted with the approximation of the thickness by the attenuation of the 
substrate signal (Figure 6.4). According to these results, the thickest coatings were 
produced at 150W and 1h (PP150_60). 
Comparing the fitted XPS spectra of C 1s of the parameters used in the process 
(Figure 6.5), it can be observed that the main peak in the Ti samples and the plasma 
activated samples is the C-H peak at 285 eV, while in the plasma polymerized samples 
the main peak is the C-O peak at 286.5 eV. Due to the PEG chemical structure, the 
carbon peak can be fitted in four peaks, each for every different chemical environments 
found in a PEG-like coating, i.e, hydrocarbons (C-C or C-H), ether (C-O-C), carbonyl 
groups (C=O) and carboxylic groups (O-C=O).  
PEG has a XPS spectrum with one peak at 286.5 eV, which shows the presence 
of ether bonding and of another peak at 285 eV, corresponding to the C-C bonds [18]. 
Thus, the ether peak is indicative of the PEG character of the coating and its decrease 
can be related to the fragmentation process during the plasma polymerization as a 
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consequence of the formation of more oxidized functional groups. The coatings with the 
higher ether peak are the ones obtained at 100W (PPT100_30 and PPT100_60), and they 
show the lower fragmentation of the precursor at lower plasma power [2,19,20]. 
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Figure 6.4. Thickness of the coatings as calculated by the attenuation of the Ti2p signal from 
the substrate. a indicates statistically significant differences compared to PPT100_30, b 
indicates statistically significant differences compared to PPT100_60 and c indicates 
statistically significant differences compared to  PPT150_60 (p<0.05) 
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Figure 6.5. High resolution C 1s XPS spectra for the Ti (a), ArPA100_5 (b) and PP100_60 (c). 
The bonds corresponding to the carbon fitted peaks are indicated in the figure 
6.1.2. Biological characterization 
The biological performance of the samples was evaluated regarding their 
cytotoxicity, antifouling properties against protein and bacteria, as well as regarding 
their interactions with cells relevant to the dental tissue. 
CHAPTER 6 LOW PRESSURE PLASMA POLYMERIZATION  
 
 
82 
 
6.1.2.1. Cytotoxicity 
After immersing the samples in cell medium and exposing the cells to such 
medium, cell viability showed no decrease at any dilution when tested with fibroblasts 
and osteoblasts (Figure 6.6). All the studied surfaces and the plasma polymerization 
conditions have cell viability ratios over 80%, showing the good biocompatibility of the 
coatings. 
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Figure 6.6. Cell viability of the hFFs (a) and the SAOS-2 (b) in contact with the eluents from 
the plasma polymerized samples 
6.1.2.1. Cell adhesion 
Cell adhesion assays with hFFs (Figure 8(a)) showed no difference between Ti 
and PP samples, while for SAOS-2 (Figure 8(b)) a slight decrease was measured. In 
terms of cell morphology (Figure 9), no differences were observed in any of the cell 
lines studied.  
The biocompatibility of the coating was studied with cytotoxicity assays and cell 
adhesion assays. The lixiviates eluted by the plasma polymerized coatings obtained at 
the studied conditions did not show any toxicity (Figure 6.6), as the cell viability 
overcomes the 80% in all cases, and most generally over 90%. In terms of the fibroblast 
adhesion, no statistically significant differences were observed between the tetraglyme 
plasma polymerized samples and the Ti. No differences were observed either in the cell 
morphology observed by SEM images (Figure 5.10). Although this result could seem 
surprising, the parameters used for the plasma polymerization can lead to these results 
because the use of higher plasma power can lead to surfaces with a good cell adhesion 
[2,30,31]. Considering the application of the PEG-like coating on titanium for dental 
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implants, this kind of coatings could lead to a biocompatible and integrated implant with 
a lower incidence of infections. 
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Figure 6.7 Cell adhesion of hFFs (a) and SAOS-2 (b) on the Ti and PP samples. For hFFs assay, 
a indicates statistically significant differences compared to TCPS. For SAOS-2 assay, 1 
indicates statistically significant differences compared to TCPS and 2 compared to Ti (p<0.05) 
 
Figure 6.8. SEM images of the cell adhesion on the Ti and a PP sample. (a) SAOS-2 on Ti, (b) 
SAOS-2 on PPT100_60, (c) hFFs on Ti, (d) hFFs on PPT100_60. Scale bar indicates 20 µm 
6.1.2.2. Protein adsorption 
Protein adsorption with BSA was tested in fluorescence assays (Figure 6.9). 
Fluorescence intensity is an indicator of the protein presence, as FTIC molecules are 
bonded to the BSA. While plasma polymerization treatments of 30 min at any of the 
process powers evaluated showed similar protein adsorption than the untreated titanium, 
the plasma polymerization conditions of 1h of treatment showed lower protein 
adsorption than control titanium (PP100_60, PP150_60 and PP200_60). The result is 
interesting because avoiding unspecific protein adsorption leads to a better control of 
the implant integration. 
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Figure 6.9. Fluorescence intensity detected for the different samples after being in contact with 
FITC-BSA. a indicates statistically significant differences compared to Ti, PPT100_30, 
PPT150_30 and PPT200_30 (p<0.05). 
6.1.2.3. Bacterial adhesion 
Bacterial adhesion assays showed a decreased bacterial adhesion for all PP 
samples both for the S. sanguinis (Figure 6.10a) and the L. salivarius (Figure 6.10b). Ti 
samples and plasma activated samples ArPA100_5 were used as controls. An increased 
bacterial adhesion was observed for the PA sample compared to Ti.  
Several authors reported an increased bacterial adhesion on the hydrophobic 
surfaces [21,22]. However, the correlation between the wettability and the bacterial 
adhesion was not found in other studies [23,24]. The increase in bacterial adhesion may 
be related to the change on the surface charge when activating the sample with plasma. 
Plasma activation has been related to the formation of hydroxyl groups on the surfaces 
[25–27].  
According to the results of McDonald et al. [28], the surface charge of a plasma 
activated titanium was positive at acidic pH (pH=3-5) and negative at higher values of 
pH. This change on the surface charge may be explained by the protonation and 
deprotonation of the hydroxyl groups. Another factor influencing the bacterial adhesion 
is the presence of a conditioning layer of proteins. Mackintosh et al. [29] reported an 
increased bacterial adhesion on charged surfaces with the presence of proteins. 
Regarding the bacterial adhesion on the plasma polymerized tetraglyme samples, 
no trend was found for the different parameters of time and power of the plasma 
treatment. S. sanguinis adhesion was lower on the samples prepared at 100W 
CHAPTER 6 LOW PRESSURE PLASMA POLYMERIZATION  
 
 
85 
 
(PPT100_30 and PPT100_60) and at 150W (PPT150_30 and PPT150_60). However, 
for L. salivarius, the adhesion of the sample prepared at 150W during 1h was higher. 
This, in conjunction with the lower BSA adsorption, is a very interesting result 
indicating an antifouling performance of the obtained coatings [30,31]. The surfaces 
processed at lower plasma power had better performance in terms of bacterial adhesion. 
These results are, in agreement with the XPS results, showing that a higher ether 
character (peak at 286.5eV). Thus, more PP-PEG produces a coating with less bacterial 
adhesion [19,32–35].  
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Figure 6.10. Bacterial adhesion on Ti, PA and PP samples of S. sanguinis (a) and L. salivarius 
b (b). For S. sanguinis assay, a indicates statistically significant differences compared to Ti, 
compared to ArPA100_5 and c compared to PPT100_30, PPT100_60 and PPT150_60. For L. 
salivarius assay, 1 indicates statistically significant differences compared to Ti, 2 compared to 
ArPA100_5, 3 compared to PPT100_60 and 4 compared to PPT150_60 and PPT200_30 
(p<0.05) 
Among the different plasma coatings produced on Ti, the ones produced at lower 
powers (100W and 150W) and longer times (1h) rendered a higher monomer retention 
in terms of the ether peak in XPS, a lower protein adsorption and lower bacterial 
adhesion. The thickness of the coating was higher for the samples prepared at 150W. 
6.2. Diglyme plasma polymerization 
6.2.1. Surface characterization 
Diglyme plasma polymerization has been studied in terms of single and multiple 
steps treatments. With this aim, the samples have been polymerized during 1 h at 150 
W using one step (PPD150_60), two steps (PPD150_2x30) and three steps 
(PPD150_3x20). Surface characterization of the diglyme plasma polymerized samples 
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has been done in terms of the wettability, chemical composition, thickness and 
degradation of the coating in simulated physiological conditions. 
6.2.1.1. Water contact angle 
Water contact angle (Figure 6.11) of the plasma polymerized samples employing 
diglyme as a precursor is slightly higher than the one of titanium, and much higher than 
the plasma activated sample that was used as a substrate for the deposition, indicating 
the presence of a coating on the surface. 
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Figure 6.11. Water contact angle of the diglyme plasma polymerized samples. a indicates 
statistically significant differences compared to Ti and b indicates statistically significant 
differences compared to ArPA100_5 (p<0.05). 
 The water contact angles reported are slightly higher (around 10º higher) than 
the ones reported in the literature. On the one hand, Azevedo et al. [36] studied the 
plasma polymerization of diglyme at different pressures (ranging from 0.15 to 60 mbar) 
and reported a decrease on the water contact angle from 50º to 30º. On the other hand, 
Brétagnol et al. [37] studied the properties of diglyme plasma polymerized coatings, and 
found that that the wettability of the coatings obtained in continuous mode is lower than 
the wettability obtained for the pulsed discharges, changing from the value of 60º in 
continuous to 48º in pulsed mode. The following sections are aimed at elucidate the 
chemical composition of the coatings on order to explain such differences. 
6.2.1.2. Chemical composition 
ATR-FTIR spectra (Figure 6.12) showed the presence of some of the main peaks 
of PEG, as summarized in Table 6.1. 
The peaks associated to the stretching and bending modes of the C-H bond are 
also present. The peak associated to the alcohol band is not detected in the plasma 
polymerized sample. This results are in accordance to the previously found in previous 
studies for the plasma polymerization of PEG precursors [36,38], as detailed in section 
6.1.1.3. 
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Figure 6.12. ATR-FTIR of Ti_PP_D_60, showing the characteristic peaks of a PEG-like 
coating 
Table 6.4. Peak assignation of PPD150_60 compared to the transmission spectra of PEG with 
Mw=1000 
 PEG ( (cm-1)) PPD150_60 ( (cm-1)) 
C-H in plane bending 842, 961 850 
C-O-C stretching 1060, 1113 1059, 1121 
C-C stretching 1237, 1282, 1340, 1365 1235, 1282, 1340 
C-H stretching 2803, 2888, 2952 2809, 2884, 2954 
O-H stretching 3451 Not observed 
 
XPS analysis of the diglyme plasma polymerized samples (Table 6.5) showed the 
presence of three elements: carbon, oxygen and titanium. The presence of carbon is 
increased with the presence of the polymeric coating. In turn, the titanium from the 
substrate is undetectable for the coated samples. This means that the signal from the 
substrate is completely attenuated by the coating and hence, the coating is thicker than 
10nm. No differences between the different plasma polymerization treatments were 
observed in terms of the chemical composition of the outer part of the coating. When 
comparing the carbon and oxygen amount with the theoretical one, it can be seen that 
the O/C ratio is higher than expected according to the theoretical value of diglyme.  
Table 6.5. XPS atomic % of the Diglyme plasma polymerized samples  
C1s O1s Ti2p O/C 
Ti 9.3 ± 1.5 51.0 ± 0.7 39.7 ± 0.8  
Diglyme (theoretical) 66.7 33.3 - 0.5 
PPD150_60 42.2 ± 0.0 57.6 ± 0.1 0.2 ± 0.0 1.36 
PPD150_2x30 41.9 ± 0.1 57.8 ± 0.1 0.2 ± 0.0 1.37 
PPD150_3x20' 42.4 ± 0.2 57.4 ± 0.3 0.2 ± 0.0 1.35 
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In this case, the thickness of the coating cannot be calculated from the attenuation 
of the substrate signal, a cross-section of the coating was done by FIB for the plasma 
polymerized coating in one step (PPD150_60). An approximate thickness of 30nm was 
measured by this technique (Figure 6.13).  
 
Figure 6.13. FIB Cross-section of PPD150_60. Scale bar indicates 200nm 
This thickness is higher than the one obtained for the tetraglyme plasma 
polymerized coatings. This could be attributed to the difference on the vapor pressure 
of the two precursors. The difference on the physical properties of the precursor leads 
to a higher concentration of precursor on the plasma phase for the diglyme. The thicker 
coating obtained with this monomer might be suitable for use as a barrier for drug 
delivery systems. The thickness of the coating is comparable to the thickness of diglyme 
coatings obtained in the continuous mode by other authors [39]. 
C1s fitting (Table 6.6) presents 4 different peaks at 284.8eV (hydrocarbon bonds), 
286.5eV (ether or alcohol), 287.5eV (aldehydes and ketones) and at 288.8eV 
(carboxylates). 
Table 6.6. Atomic % of the C1s components for the diglyme plasma polymerized samples 
Binding Energy (eV) 284.8 286.5 287.5 288.8 
PPD150_60 25.6 ±1.2 66.2 ± 1.3 5.4 ± 0.1 2.8 ± 0.1 
PPD150_2x30 23.6 ± 1.4 65.3 ± 4.1 7.6 ± 1.4 3.6 ± 1.4 
PPD150_3x20 28.4 ± 1.0 62.5 ± 0.2 5.6 ± 0.5 3.6 ± 0.3 
 The most predominant peak is the one at 286.5eV corresponding to the ether 
peak, which is the characteristic peak for PEG. The presence of a significant peak in the 
region of hydrocarbon species might be explained by the use of continuous plasma, 
which could induce a higher degree of fragmentation [14]. 
The stability of the coatings was tested by immersion in PBS for 72h at 37ºC. No 
significant changes were detected on the XPS spectra of the samples (Figure 6.14). This 
fact reveals that the coatings are still present and do not present significant modifications 
on the chemical composition of the outer surface. No delamination of the coating was 
observed after immersion. 
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Figure 6.14. XPS atomic percentage of the diglyme plasma polymerized samples before and 
after immersion in PBS 
6.2.2. Biological characterization 
The biological performance of the diglyme plasma polymerized samples was 
tested by means of the cytotoxicity and cell adhesion in order to assess the 
biocompatibility and the bacterial adhesion of S. aureus in order to assess the antifouling 
properties of the coating in presence of a clinically relevant bacterial strain. 
6.2.2.1. Cytotoxicity 
No toxic effects of the eluents from the diglyme plasma polymerized coatings 
were observed, since the cell viability was higher than 80% in all cases (Figure 6.15). 
This fact indicates that no toxic substances are eluted from the samples, or that the 
concentration of the possible toxic substances is below the toxicity range. 
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Figure 6.15. Indirect cytotoxicity of the diglyme plasma polymerized samples 
CHAPTER 6 LOW PRESSURE PLASMA POLYMERIZATION  
 
 
90 
 
6.2.2.2. Cell adhesion 
Regarding the fibroblast adhesion on the diglyme plasma polymerized samples 
(Figure 6.16), no differences were found between the untreated titanium and the coated 
samples with any of the studied conditions, which was also observed with our coatings 
produced with tetraglyme (section 6.1.2.1). This results are opposite to the ones reported 
in previous studies with PEG coatings [40]. 
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Figure 6.16. hFFs adhesion on diglyme plasma polymerized samples. a indicates statistically 
significant differences compared to TCPS (p<0.05) 
6.2.2.3. Bacterial adhesion 
The adhesion of S. aureus on the PEG-like coated samples using diglyme as a 
precursor (Figure 6.17) revealed a substantial decrease on the bacterial adhesion for all 
the studied conditions, showing the antifouling character of all the samples.  
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Figure 6.17. S. aureus adhesion on diglyme plasma polymerized samples. a indicates 
statistically significant differences compared to Ti (p<0.05) 
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Even though no significant differences were observed between the studied 
conditions, it seems that the treatments by steps (PPD150_2x30 and PPD150_3x20) 
tends to have a higher adhesion than the one step treatment (PPD150_1h). 
6.3. Drug release from diglyme plasma polymerized coatings 
The drug release studies have been performed with doxycycline, which was 
adsorbed on the titanium surface before applying the plasma polymerization treatment 
(section 2.4.1). Doxycycline is a tetracycline antibiotic used in dentistry to treat peri-
implantitis, because of their efficacy against periodontopathic bacteria and their low 
cellular damage on the host cells [Suzuki 2006]. It has been also reported the beneficial 
effects of doxycycline regarding the bone regeneration, which can also enhance the 
treatment and prevention of peri-implantitis [Pastorino 2014]. A drug release study by 
UV-Vis have been performed in order to assess the influence of the plasma polymerized 
diglyme coating. Moreover, a growth curve and an agar diffusion test was carried out to 
check the antibacterial activity of the antibiotic after the plasma treatment. 
6.3.1. Drug release studies 
Drug release (Figure 6.18) was checked with the double well test as described in 
section (2.7.3.4). The release from the titanium sample without the polymer coating 
takes place immediately after soaking the sample in liquid, while for the coated samples 
the release is slowed down, limiting the extent of the burst release, reaching the 100% 
of the initial concentration of antibiotic after 16h. No differences were observed when 
comparing the different plasma treatments.  
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Figure 6.18. Doxycycline release from titanium and diglyme plasma polymerized titanium 
6.3.2. Growth curve 
Bacteria growth curve was analyzed in the same experiment set-up than the drug 
release assay (Figure 6.19). As expected, the plasma polymerized sample without 
doxycycline (PPD150_60) presented no effect on the bacterial growth, while the 
samples with antibiotic (PPD150_60_Doxy, PPD150_2x30_Doxy and PPD150_3x20) 
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completely inhibits the growth of the bacteria. This assay also showed that the activity 
of the antibiotic is not significantly affected by the plasma process. 
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Figure 6.19. Growth curve of a suspension of S. aureus in contact with plasma polymerized 
samples without and with doxycycline 
6.3.3. Agar diffusion test 
In order to complete the study of the antibacterial effect of the released antibiotic, 
an agar diffusion test was performed with the coated samples with doxycycline (Figure 
6.19). All the samples presented an inhibition zone, showing the antibacterial effect of 
the released antibiotic.  
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Figure 6.20. Agar diffusion test with plasma polymerized titanium loaded with doxycycline. a 
indicates significantly differences compared to PPD150_60 and b compared to PPD150_2x30 
(p<0.05) 
6.3.4. Bacterial adhesion 
In order to test the potentially synergic effect of the antifouling effect with the 
drug release of the antibiotic, S. aureus adhesion was tested on the samples with and 
without the antibiotic (Figure 6.21).  
CHAPTER 6 LOW PRESSURE PLASMA POLYMERIZATION  
 
 
93 
 
Ti
P
P
D
15
0_
60
P
P
D
15
0_
2x
30
P
P
D
15
0_
3x
20
Ti
_D
ox
y
P
P
D
15
0_
60
_D
ox
y
P
P
D
15
0_
2x
30
_D
ox
y
P
P
D
15
0_
3x
20
_D
ox
y
0
3x10
6
6x10
6
9x10
6
5x10
7
6x10
7
C
F
U
/s
a
m
p
le
a
b
c
 
Figure 6.21. S. aureus adhesion on the samples with and without doxycycline. a indicates 
statististically significant differences compared to Ti, b compared to PPD150_60 and c 
compared to PPD150_2x30 and PPD150_3x20 (p<0.05) 
A reduction of the bacterial adhesion was observed for all the coated samples. It 
can be observed that the reduction of the bacterial adhesion is higher for the samples 
containing the antibiotic, with a similar number of adhered bacteria on the samples non-
treated with plasma (Ti_Doxy) and the samples coated with plasma.  
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7. ATMOSPHERIC PRESSURE PLASMA POLYMERIZATION 
Atmospheric pressure plasma has revealed, in the last years, as an interesting 
technique for the deposition of thin films, since it allows the use of liquids instead of 
gases and it is easier to industrialize than the low pressure plasma systems. In this 
chapter, two different atmospheric plasma systems are evaluated to produce 
antibacterial and antifouling coatings on Titanium.  
In the first part, an aerosol-assisted dielectric barrier discharge was used to 
produce an ethylene plasma-polymerized coating embedding vancomycin to obtain a 
drug release system, in a project carried out during a 2 month stage at the University of 
Bari (Italy). The second part deals with the direct treatment of a liquid precursor, 2-
hydroxyethylmethacrylate, with a plasma jet system, to produce an antifouling plasma 
polymerized coating, in a project carried out at the INP in Greifswald (Germany) during 
2 months.   
7.1. Vancomycin-ethylene composite coatings 
Vancomycin-ethylene composite coatings were obtained by an aerosol-assisted 
DBD system developed at the University of Bari. The use of a pulsed or a continuous 
plasma process, and the presence of a protective layer to modulate the vancomycin 
release from the coatings were studied. 
7.1.1. Concentration of the solution on the atomizer 
The configuration of the atomizer involves a recirculation of the solution that is 
not atomized. This leads to a progressive increase of the concentration of vancomycin 
in the solution. For this reason, the concentration of the solution employed for the 
plasma process was characterized (Figure 7.1). 
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Figure 7.1. Modification on the vancomycin concentration in the atomizer over the time of use 
This increase in the concentration was characterized by sampling the solution 
during 1h of discharge (after 10, 30 and 60 min running the atomizer with an helium 
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flow rate of 5·103 sccm (5 sLm) and measuring the concentration by UV-Vis. In order 
to maintain the concentration variation under 10% during the plasma treatments, the 
solution used for all the discharges was diluted every 40 min of discharge to the initial 
concentration, according to the trend obtained. 
7.1.2. Parameters for the deposition 
7.1.2.1. Deposition rate 
To characterize the deposition rate, samples were produced in pulsed mode using 
a time on of 10 ms and a time off of 80 ms (PE_Van_10/80) and in continuous mode 
(PE_Van_cont) and the thickness of the coatings produced was analyzed. In order to 
measure the thickness of the coating, a scratch was made and the profile of the sample 
was measured in order to detect the step, which was taken as the thickness of the coating. 
The rate of deposition was calculated taking into account the measured thickness and 
the time of deposition, and it was found to be of 54nm/min for the PE_Van_10/80, and 
of 102nm/min for the PE_Van_cont, which are values in the range of previous studies 
dealing with ethylene plasma polymerization [1,2]. The higher deposition rate of the 
continuous plasma polymerization of ethylene has been already described by Yasuda et 
al. [3]. This fact can be explained by the higher energy input per monomer in the 
continuous mode, which in turn leads to the generation of more 
polymerization/deposition-forming species (i.e. more fragmentation) in the plasma state 
[4,5]. 
 To modulate the release rate of vancomycin, a protective layer was polymerized 
on top of the composite coating. This top coating was prepared in the pulsed mode, using 
a mixture of ethylene and helium without the solution from the atomizer to avoid the 
presence of drug on the protective coating. The deposition rate was similar to the one 
found for the pulsed mode and the vancomycin-ethylene and helium mixture.  
7.1.2.2. Chemical composition 
To analyze the chemical composition of the coatings, FTIR spectra were acquired 
in transmission mode on silicon wafers submitted to the aforementioned atmospheric 
plasma treatments for the composite coating containing vancomycin in both the pulsed 
and the continuous mode. The spectrum of pure vancomycin and the plasma 
polymerized ethylene without vancomycin (PE) were recorded for comparison (Figure 
7.2). Presence of the protective top coating does not modify significantly the FTIR 
spectra. 
Vancomycin, as a glycopeptide antibiotic, contains a high concentration of amide 
groups, which can be assigned as amide A band centered at 3373cm-1, amide I band at 
1681cm-1 and amide II band at 1505cm-1. The presence of OH groups is overlapped with 
the band at 3373cm-1, and confirmed by the presence of the bending band at 1061cm-1. 
The bands associated with C-H stretching are present at 3132cm-1 and 2909cm-1 for the 
hydrogen bonded to a sp2 and a sp3 carbon, respectively. Other bands are present, like 
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the C-O stretching in a phenol group at 1231cm-1 or the C-H bending at 1312cm-1. The 
bands found in this spectrum are in good agreement with previous reports of vancomycin 
[2,3]. 
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Figure 7.2. FTIR spectra of pure vancomycin, the composite coating in pulsed mode 
(PE_Van_10/80), the composite coating in the continuous mode (PE_Van_cont) and the plasma 
polymerized ethylene (PE). 
Plasma polymerization of ethylene results in the presence of insaturations in the 
resulting plasma polymer [6]. For instance, the existence of triple bonds can be assigned 
to the band in the region of 3300cm-1(≡C-H), 2198cm-1 (R’-C≡C-R) and 2101cm-1 (H-
C≡C-R). The shoulder at 1600cm-1 may correspond to the presence of aromatic or 
cumulated C=C double bond vibrations. Single bonds are observed through the presence 
of symmetric and asymmetric stretching vibration bands, with the respective 
deformation vibrations found between 1140cm-1 and 1370cm-1. The exposure of the 
samples to ambient air can be related to the presence of oxygen functional groups, such 
as OH vibration at 3430cm-1, the carbonyl band at 1720cm-1 and the band at 1020cm-1 
due to the C-COH stretching vibration.  
The FTIR of the composite coatings (PE_Van_10/80 and PE_Van_cont) are 
similar to the plasma polymerized ethylene (PE), showing the presence of a polymeric 
matrix in the coatings containing vancomycin. The peaks of both plasma polymerized 
ethylene and vancomycin are overlapping and the vancomycin concentration is much 
lower compared to the polymeric matrix, so it is complicated to distinguish whether the 
peaks originate only from the polymer or the polymer with the vancomycin. 
Samples produced in the continuous mode led to coatings with a thickness of 
approximately 2µm, while in the pulsed mode the thickness obtained was of 
approximately 1µm as determined by contact profilometry. This fact correlates with the 
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intensity of the FTIR spectra, which is higher for the PE_van_cont than for the 
PE_van_10/80. 
7.1.3. Vancomycin release from titanium disks 
The amount of vancomycin released from the different coatings on the titanium 
disks was measured after 1h of immersion in water. In order to check the total amount 
of vancomycin remaining on the coating, the samples were sonicated for 15min in water 
(Figure 7.3). The release after one hour from the sample polymerized in continuous 
mode (PE_Van_cont) is higher than the one from the pulsed sample (PE_Van_10/80). 
Moreover, after sonication, the amount of remaining vancomycin was lower for the 
pulsed polymerized sample than for the continuous one. This can be related to the 
thickness of the coating, which might be also related to the amount of vancomycin 
present in the sample.  
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Figure 7.3. Vancomycin release from the plasma polymerized titanium samples in either 
continuous or pulsed mode without/with protective coating 
The other parameter that was taken into account was the presence of the 
protective coating. This coating was able to reduce the release after one hour for both 
the continuous (PE_Van_cont_TC4) and the pulsed sample (PE_Van_10/80_TC4). 
After the sonication, the remaining vancomycin was also higher for the samples with 
the top coating. This seems to indicate that, plasma polymerized ethylene forms a 
hydrophobic layer on top of the composite layer that reduces the diffusion of the drug 
[7,8]. 
7.1.4. Characterization of the antibacterial properties 
The growth of S. aureus was tested by the double-well test (section 2.7.3.4). The 
control samples, i.e. bare titanium and plasma polymerized ethylene on titanium did not 
alter the growth of S. aureus, showing that neither the titanium nor the plasma 
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polymerized ethylene samples have any effect on the bacteria viability. Regarding the 
samples containing vancomycin and the protective coating (PE_van_cont_TC4 and 
PE_van_10/80_TC2), a slight increase on the optical density was found  in the first 2 h, 
which indicates that the growth was not completely inhibited at the beginning of the 
experiment. This can be related to the presence of the protective coating, which delays 
the release of the vancomycin. 
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Figure 7.4. Growth curve of S. aureus tested in the double-well test 
After this time, a decrease on the optical density was observed, probably because 
the vancomycin concentration was higher at this point. However, for the pulsed sample 
(PE_van_10/80_TC2), a growth of the bacteria was observed at the end of the 
experiment. This means that some viable bacteria were present even in presence of the 
vancomycin, and, hence, the concentration of the antibiotic was not high enough to 
completely inhibit the growth at the bacteria concentration used for the study. 
This assay indicates the ability of the ethylene-vancomycin coatings to inhibit the 
initial growth of bacteria in an effective way, since over more than 10h no growth was 
observed. This means that the minimum inhibitory concentration for the strain used was 
reached for both the conditions studied [6]. 
7.1.5. Agar diffusion test 
The agar diffusion test (Figure 7.5) showed the ability of the coatings to inhibit 
the growth of S. aureus. The assay was performed with the coating in contact with the 
bacteria in the agar plate, and no growth was observed in the zone directly contacting 
with the sample. The samples produced in the pulsed mode have a slightly lower 
inhibition zone, probably due to the lower thickness of the coating, which, in turn, 
implies lower vancomycin content. Presence of the top coating increases the inhibition 
zone, probably because it delays the release of the drug. This results correlates with the 
ones obtained in the growth curve experiment. Similar inhibition zones were obtained 
in previous studies with a lysozyme in composite coatings [9]. 
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Figure 7.5. Agar diffusion test. a indicates statistically significant differences compared to Ti 
and PE, and b compared to PE_van_10/80 (p<0.05) 
According to the results obtained, a plasma polymerized ethylene coating 
containing vancomycin was prepared on the titanium surface. The typical FTIR bands 
for an ethylene plasma polymerized coating were found, indicating the presence of the 
coating. The in vitro results with S. aureus revealed the suitability of the coating to 
inhibit the bacterial growth in an effective way. 
7.2. Liquid phase plasma polymerized poly(2-hydroxyethyl 
methacrylate) 
A plasma jet system developed at the INP Greifswald was used to evaluate the 
possibility of polymerizing 2-hydroxyethylmethacrylate (HEMA) in liquid state on the 
titanium sample at atmospheric pressure. The coating was prepared by placing a drop of 
the liquid HEMA on the sample and treating the sample during 5 min with an argon 
plasma. Different plasma power, gas flow rate, distance between the sample and the 
electrode and drop volume of monomer (HEMA) were tested. 
7.2.1. Characterization of the coating 
7.2.1.1. Surface free energy 
The surface free energy of the plasma polymerized HEMA coatings was 
calculated by measuring the contact angle with distilled water, diiodomethane and 
ethylene glycol (Figure 7.6). Two different regions of the sample were studied: the 
center and the edge, being the center the part of the sample placed right under the jet 
and the edge the part of the sample potentially less affected by the jet. The values 
obtained were similar for the four conditions tested, and no significant differences were 
observed when comparing the center and edge positions, indicating that the treatment 
was sufficiently uniform on the whole diameter of the sample (10 mm). 
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Figure 7.6. Surface energy of the plasma polymerized HEMA coated samples and its dispersive 
and polar components.  
The coatings produced displayed higher surface energy compared to previous 
studies [10,11], with a higher polar component and lower dispersive component. This 
indicates that the plasma polymerized coatings have a higher amount of polar groups on 
the surface than the polymer synthesized conventionally. For instance, a previous study 
dealing with the plasma treatment of the PHEMA has been reported to enhance the 
wettability of the polymer, reaching similar values to the ones reported here [12,13]. On 
the other hand, PHEMA is a moderately swellable polymer system, in which the 
swelling equilibrium depends on the polymerization mechanism [14]. The increase on 
the wettability might depend on the increase on polar functional groups and the degree 
of crosslinking that is induced by the plasma treatment. This enhanced wettability makes 
the coating suitable for biomedical applications [15,16]. 
The stability in water of the coated samples was tested by measuring the water 
contact angle of the sample as-treated and after an immersion of 48h in water (Figure 
7.7). In all the samples, a slight increase on the water contact angle was detected, 
indicating a change on the wettability of the sample. This can be associated to 
dissolution of the less stable groups in water. Another factor which adds to the previous 
one can be the hydrophobic recovery by reorganization of the polymer chains after 
drying the samples. In the sample treated in two stages (S4), the contact angle increase 
is higher, probably because the treatment time of the liquid was divided (half of the 
HEMA volume was added after 2.5 min of the plasma treatment). Hence, the treatment 
with the plasma was shorter, leaving to a decrease on the wettability [17].  
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Figure 7.7. Water contact angle of the plasma polymerized HEMA coatings just after treating 
with plasma (as treated) and after 48h immersion in water. a indicates statistically significant 
differences compared to S1 after 48h in water, and b indicates statistically significant 
differences with all the samples as treated and S2 after 48h in water. 
7.2.1.2. Chemical composition 
The chemical composition of the plasma polymerized HEMA was tested by FTIR 
in the ATR mode (Figure 7.8). All the conditions rendered an organic coating on the 
surface.  
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Figure 7.8. ATR-FTIR spectra of the plasma polymerized HEMA coating 
The bands found in the spectra correspond to the bands found in the liquid 
precursor (structure described in section 1.5.2), namely, the alcohol bands (stretching at 
3422cm-1 and bending at 1022cm-1), and the ester band (stretching C=O at 1728cm-1 and 
stretching C-O at 1275cm-1). The hydrocarbon bands were also found (Table 7.1).  
CHAPTER 7 ATMOSPHERIC PLASMA POLYMERIZATION 
 
 
105 
 
Table 7.1. Peak assignation for the FTIR spectra of the plasma polymerized HEMA coatings 
Wavenumber (cm-1) Peak assignation 
3422 OH stretching 
3097 Vinyl stretching 
2954-2888 C-H stretching 
1712 C=O stretching 
1637 C=C stretching 
1160 C-O stretching 
1456 C-H bending 
1022 C-O bending 
 
Even though ATR-FTIR is not a quantitative technique, some conclusions can be 
extracted from the intensity of the signal. The samples S1 and S2 are the ones with the 
most intense signal, and that can be associated with a thicker coating. These samples 
were produced at a higher distance between the plasma jet and the sample (4 mm instead 
of 3 mm for S3 and S4). The distance between the plasma and the jet influences the 
energy input on the substrate, which in turn is a consequence of the heat flux and the 
inelastic interactions of plasma species with the substrate. Hence, the smaller distances 
may induce a degradation of the coating that can explain the lower signal in the ATR-
FTIR spectra [18]. 
Surface chemical composition was assessed by XPS, and 8 measurements were 
performed in a profile of the sample, covering the part of the HEMA that was directly 
treated with plasma (central part of the sample) and the part surrounding this area 
(Figure 7.9). This measurement was carried out on silicon wafers as a model material. 
Three elements were found in the general XPS spectra: carbon and oxygen from the 
polymer and silicon from the substrate. The composition of the plasma polymerized 
coatings resembles the theoretical one for a PHEMA coating (63% C1s and 37% O1s), 
as indicated as dashed lines in Figure 7.9, with a slightly higher amount of carbon and, 
subsequently, a slightly lower amount of oxygen. This can be associated to the presence 
of organic contaminants (hydrocarbons). The composition found for these coatings is in 
good correspondence with the ones found in previous studies dealing with PHEMA 
coatings obtained by plasma [7–9]. The signal from the substrate is not visible due to 
the attenuation of the photoelectrons generated by the substrate material. At some points 
the substrate is visible, with the subsequent diminution of the carbon signal, probably 
because a scratch done during the sample preparation. Moreover, the efficiency of the 
polymerization is higher in the center of the sample, i.e. the zone with the higher 
incidence of the jet. 
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Figure 7.9. Composition of the plasma polymerized HEMA coatings in a profile of the sample. 
(a) S1, (b) S2, (c) S3 and (d) S4. The dashed lines indicate the theoretical composition for a 
traditionally synthesized PHEMA. Measurements were taken in the central part of the sample, 
doing one measurement per mm. 
The corresponding high resolution C1s spectra (Figure 7.10) were decomposed 
into five different components which can be assigned to the presence of hydrocarbon 
bonds (C-C, C-H), CH2-C=O groups, ether and hydroxyl bonds (C-O), carbonyl bonds 
(C=O) and carboxyl bonds (COO).  
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Figure 7.10. High resolution XPS C1s peak fitting components 
The results obtained showed a higher presence of C-C bonds, which can 
correspond to the organic contamination. The stoichiometry of the different carbon-
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oxygen bonds is slightly different to the theoretical one, indicating that some changes 
on these functionalities might have occurred due to the plasma treatment. 
The stability of the samples was tested by ATR-FTIR measuring the same sample 
before and after an immersion in water for 24h (Figure 7.11). Even though the intensity 
of the bands was lower after the water immersion, the characteristic bands for PHEMA 
can be observed (Table 7.1), showing that part of the coating is lost but not completely. 
 The sample showing a higher intensity after the immersion is S2, which is the 
sample treated in the mildest conditions, i.e. low plasma power (7 W), gas flow (0.7 
sLm) and high distance between the substrate and the jet. This can be related to the lower 
power input of this condition, and thus, the lower degradation of the coating.  
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Figure 7.11. ATR-FTIR spectra of the samples before and after an immersion in water (a) S1, 
(b) S2, (c) S3, (d) S4 
To evaluate the stability of the coatings under different conditions, one of the 
samples was selected (S2) for the XPS analysis (Figure 7.12). This sample was selected 
because it was the most stable according to the ATR-FTIR study. The stability of this 
sample was tested in air for 24 and 48h, in water immersion for 24 and 48h and in an 
ultrasonic bath for 5min. A change in the atomic concentrations after an ultrasonic bath 
can be seen: carbon content dropped slightly whereas a remarkable increase in oxygen 
and a decrease in nitrogen were detected. According to the increased portion of oxygen 
after the ultrasonic bath, an increase in the percentage amount of functional groups is 
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shown. Furthermore, swelling but no dissolution of the films has been observed after 
storage in water. 
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Figure 7.12 Composition of the plasma polymerized HEMA coatings in a profile of the sample 
for all the aging conditions. (a) S2, (b) S2 after a 5 min ultrasound treatment in water, (c) S2 
stored in air for 24 h, (d) S2 stored in water for 24 h, (e) S2 stored in air for 48 h, (f) S2 stored 
in water for 48 h 
7.2.2. Biocompatibility: cytotoxicity and cell adhesion 
In this section, the biocompatibility of the coatings was assessed by means of the 
toxicity of the eluents and the adhesion of human fibroblast on the samples. No toxic 
effects were observed on the hFFs in contact with the eluents of the samples (Figure 
7.13), with cell viability above 80% in all cases. This fact shows that during the plasma 
process, no toxic molecules were produced or if so, the concentration was too low to 
exert cell toxicity.  
The hFFs adhesion was tested after 6 h and 24 h in contact with the coated 
samples (Figure 7.15). The assay revealed higher adhesion on the plasma polymerized 
HEMA samples than on titanium. Regarding the cell proliferation after 24h, the increase 
on the cell number was higher on the titanium than on the coated samples in most 
conditions, which may indicate that the polymeric coating is not completely favorable 
for the tissue integration. However, the increase on the cell number after 6 h and 24 h is 
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significant, making this material suitable for dental implant applications. Similar results 
with PHEMA coatings were found by other authors [7,10]. 
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Figure 7.13. Cytotoxicity of the plasma polymerized HEMA coated samples 
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Figure 7.14. hFFs adhesion on the PP-HEMA coated samples. For each time point, a indicates 
statistically significant differences compared to Ti, b compared to S1, S2 and S3 and c 
compared to S2, S3 (p<0.05). 
7.2.3. Bacterial adhesion 
Bacterial adhesion of S. aureus and E. coli is lower on the plasma polymerized 
HEMA coatings, showing a 50% of reduction compared to the titanium (Figure 7.15). 
The antifouling properties of PHEMA films are related to high water retention (as this 
is a hydrogel coating), which translates to a lower polymer chains mobility and a steric 
hindrance for the bacterial adhesion [11–13], which is very interesting for the 
applications aimed at in this thesis. 
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Figure 7.15. S. aureus (a) and E. coli (b) adhesion on the PP-HEMA samples 
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8. GENERAL DISCUSSION 
The main aim of this thesis was to develop polymeric antibacterial coatings for 
titanium dental implants. In this chapter, the main results obtained are discussed and 
compared in order to highlight the contributions made to the field of antibacterial 
coatings for titanium dental implants. During the last years, different strategies have 
been studied in order to achieve antibacterial surfaces, including changes in the 
topography [1,2] or the chemical composition [3–6] and the incorporation of different 
antibacterial molecules on the titanium surface, including antibiotics [7–9] and 
antimicrobial peptides [10,11]. Another strategy that has been explored in literature is 
to coat the titanium surface with polymers, which can be antifouling or antibacterial. 
Combinations of the different strategies might offer an interesting approach to improve 
the performance of the coatings. 
This thesis focuses on the preparation of antibacterial polymeric coatings on 
titanium, to achieve a surface with antibacterial properties and a proper cell response for 
a good biosealing of the head of the implant. This is based on the theory of “the race for 
the surface”, which postulates a competition between the cell tissue integration and the 
bacterial adhesion. According to this theory, if the biomaterial surface is colonized by 
the host cells, it will be more difficult for the bacteria to colonize the surface [12]. 
8.1. Comparison of the antibacterial coating strategy   
The main strategies used till now in the field of the polymeric antibacterial 
coatings are the bactericidal surfaces, which kill the bacteria, the bacteria-resistant 
surfaces, which avoid the interaction and adhesion with the bacteria and the bacteria-
releasing surfaces, which facilitates the release of attached bacteria by external forces 
[13]. The three methods have inherent advantages and disadvantages. For instance, 
bacteria-resistant and bacteria-releasing surfaces can prevent the initial attachment of 
bacteria, but none of the coatings developed till date inhibit completely the bacterial 
adhesion and, hence, the bacteria that are not killed may colonize the surface. 
Bactericidal surfaces, in turn, prevent the formation of biofilms but the remaining dead 
bacteria on the surface may trigger an immunological response and inflammation. 
Moreover, biocides included in this kind of coating have problems of cytotoxicity 
towards non-targeted species like mammalian cells. For this reason, a combination of 
these strategies might be a way to obtain synergistic effects between the advantages and 
disadvantages of every single strategy. 
In this thesis, combined coatings have been prepared using antifouling coatings 
as a base coating. With this aim, antifouling coatings based either on PEG or PHEMA 
have been prepared. PEG coatings were further functionalized with a cell-adhesion 
peptide for the enhancement of the biocompatibility of the coatings. Antimicrobial 
peptides were also immobilized on the PEG surface in order to achieve a combination 
CHAPTER 8 GENERAL DISCUSSION  
 
 
 
114 
 
of antifouling and antibacterial properties. In the same line, PEG was combined with an 
antibiotic in order to achieve a controlled drug release system. Another drug release 
system, combining an antibiotic in a plasma polymerized ethylene matrix was also 
developed.  
As previously reported (section 1.4.2.1), antifouling coatings are generated with 
polymers that are electrically neutral, possess hydrogen bond donors and render 
hydrophilic surfaces [14]. This kind of polymers, when immobilized on a surface, form 
a hydrated coating that inhibits the bacterial adhesion by steric repulsion [15]. The 
interaction of an implant with the surrounding tissues is ultimately determined by its 
physical and chemical properties. In this regard, the wettability, topography and 
chemical composition are intended to play a role on the interaction between the material 
surface and the cells, either prokaryotic or eukaryotic. 
The wettability of the implant surface is known to have an influence on the in 
vitro and in vivo response [16–20]. When an implant is coated with a polymeric coating 
there is a change on the chemical composition of the surface that determines the final 
measure of the contact angle. For this reason, contact angle measurements were used as 
an indication of the presence of the coating.  
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Figure 8.1. Average value of the water contact angle for all the coatings prepared in the thesis 
The average values of the water contact angle (Figure 8.1) are different depending 
on the technique used for the preparation of the coating, with values ranging from 
superhydrophilic  to 70º. Plasma activated sample (ArPA100_5) presented a value of 
water contact angle lower that 10º. Within the PEG coatings, the most hydrophilic 
coatings are the silanized (SPEG) and the plasma polymerized tetraglyme (PPT). On the 
other hand, electrodeposited coatings (EPEG) and plasma polymerized diglyme coatings 
(PPD) are thicker and less hydrophilic. It should be pointed out that the two coatings 
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prepared with low pressure plasma polymerization have a great difference between the 
values of the water contact angle (section 6.1.1.1 and section 6.2.1.1). This fact could 
be explained by the operation mode, since the PPT was prepared in pulsed mode while 
PPD was prepared in continuous mode. Using a continuous plasma treatment implies a 
higher crosslinking of the polymer and, thus, a less hydrophilic surface [21,22]. Plasma 
polymerized HEMA (PHEMA) is also hydrophilic. The hydrophilic character of the 
antifouling coatings is explained by the structure of the polymer, which has an intrinsic 
trend to bond water. 
The changes on the hydrophilicity of the PEG coatings can be explained by the 
grafting density of the coatings, calculated as the contribution of the ether peak on the 
C1s XPS spectra (Figure 8.2). In this regard, the coating that presented a larger 
contribution on the C-O peak have a higher grafting density [23], and hence, a higher 
water contact angle.  
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Figure 8.2. Average contribution of the C-O peak on the C1s XPS high resolution spectra. a 
indicates statistically significant differences compared to SPEG (p<0.05) 
Regarding the in vitro biological performance of the coated samples, the protein 
adsorption, human fibroblast adhesion and bacterial adhesion was assessed in order to 
investigate the antifouling properties of the coatings. Protein adsorption is considered 
the most important factor of the interaction between biomaterials and tissues or body 
tissues, since proteins are the first biological molecules that cover the artificial surface 
when implanted into the body [19,24]. Generally, the adsorption is fast and non-specific 
and may lead to denatured protein that can cause a cascade of undesired events known 
as foreign body reaction [25]. 
The interaction of proteins with the biomaterial surface is also an important event 
in the colonization by bacteria. The relationship between the implant, the tissue 
integration and the biomaterial is determined by the binding characteristics [26]. This 
process was described as the race for the surface by Gristina [12]. If the binding is done 
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by a tissue cell, the implant will be integrated and protected and therefore the implant 
surface will be less available for bacterial colonization. 
The factors controlling protein adsorption can be divided into external 
parameters, protein properties and surface properties. The external parameters include 
temperature, pH, and ionic strength, and are mainly fixed in the body [27]. The protein 
properties influence the way that the protein can adapt to the surface. Small proteins are 
more rigid and not able to adapt to the surface, while higher molecules can be 
decomposed into individual domains with specific properties, like hydrophilicity, 
polarity or charge, and can change their conformation to adapt to the surface properties 
[28,29]. Therefore, surface properties also play an important role on the interaction of 
the proteins with the surfaces. Proteins tend to adsorb more strongly to non-polar, high 
surface energy and charged surfaces [27,30,31]. Antifouling coatings are able to repulse 
the adsorption of proteins by a steric repulsion, since the presence of the protein on the 
surface reduces the conformational freedom of the polymeric chains and is 
thermodynamically unfavorable. 
Several methods have been reported for the assessment of the protein presence 
on a surface, including the radiolabeling [32,33], labeling with fluorescent molecules 
[34–36], and the quartz microbalance with dissipation [37,38]. In this thesis, two 
different methods have been used, namely, the labeling of BSA with FITC and the 
observation with fluorescence microscopy and the XPS analysis of fibronectin. 
FITC-BSA adsorption is a method based on the fluorescence microscopy images 
analysis. In the present work, it was used to compare the PEG coating methods, 
specifically tetraglyme plasma polymerization, electrodeposition and silanization 
(Figure 8.3). The fluorescence intensity of the images is related to the amount of 
adsorbed protein present on the sample [35,39].  
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Figure 8.3. Quantification of the fluorescence signal on microscopy images of the samples with 
adsorbed FITC-BSA. a indicates statistically significant differences compared to Ti 
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In this regard, the protein adsorption was reduced on all the PEG coatings 
compared to the titanium samples. The results when comparing the different PEG 
coatings present no statistically significant differences. This result shows the ability to 
confer antifouling properties to the titanium surface, which have been already described 
for immobilized PEG by different techniques. For instance, Menzies et al. [40] prepared 
a plasma polymerized PEG and assessed the albumin adsorption by ToF-SIMS, finding 
a reduced amount of protein adsorbed on the PEG-coated samples. Wang et al. [41] 
Thalla et al. [42] used labeled albumin and found a lower fluorescence intensity for the 
PEG-coated samples compared to the control. The last paper also reported a 79% 
reduction of fibrinogen assessed by QCM-D, which is a comparable value to the ones 
obtained in this thesis with the FITC-BSA assay. 
An important issue for the biocompatibility of titanium implant is the cytotoxicity 
of the possible eluents from the samples, such as remainings of the organic solvents used 
for the preparation of the coating, low molecular weight compounds produced by the 
coating process (for example, during plasma polymerization) and other non-bond 
molecules that may exert toxicity. Cell toxicity was tested for all the coatings as 
indicated in the ISO standard 10993-5. With this aim, the samples were immersed on 
cell media and after a certain time, the cell medium was placed with human fibroblast 
to test the cell survival. None of the coatings presented cytotoxic effects, since the cell 
survival ratio was higher than 80%. 
In a recent study by Liu et al. [43], the cytotoxicity of PEG was tested. By 
checking different molecular weight polymers and oligomers, they found out that the 
polymers with a molecular weight between 400 and 2000 are non-toxic and, hence, are 
a good choice for the synthesis of biocompatible materials. In this thesis, different 
molecular weight PEG have been used. For instance, the polymers used for the 
silanization or the electrodeposition have a molecular weight in the range reported for 
non-toxic polymers. Regarding the plasma polymers, the molecular weight of the 
precursors was lower, which have been associated to toxic and mutagenic effects [44]. 
However, the plasma polymerization increase the molecular weight and changes the 
precursor structure, making the coating non-toxic for the cells. Moreover, the fact that 
the polymer is linked to the titanium substrate would reduce the concentration of the 
PEG molecules in the solution, and hence, increases the viability of the coatings. With 
the results obtained, it can be deduced that the concentration of the possible toxic 
molecules is lower than the minimum toxic concentrations for the cells used in this 
thesis. 
Regarding the toxicity of HEMA, it has been reported that this monomer exert 
cell toxicity via apoptosis, among other effects on the cells [45–47]. However, the 
polymer PHEMA did not appear to show significant intrinsic surface toxicity [48,49]. 
This fact have a good correlation with the non-toxic results obtained in the cytotoxicity 
assay for the plasma polymerized HEMA on titanium. 
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Cell adhesion to the coated samples is also an important parameter for the tissue 
integration. The selected cells for the studies in this thesis were the human fibroblasts, 
which play a role on the new tissue formation after implantation and in the maintenance 
of a proper sealing between the oral environment and the peri-implant tissue [39,50,51]. 
Fibroblast adhesion on the coated samples compared to the titanium sample was lower 
for all the PEG coatings. However, PHEMA coatings reported a higher adhesion on all 
the studied conditions.  
Due to the importance attributed to the existence of a proper biological sealing, 
an additional assay was performed in order to check the effects on cells of the cell 
adhesion peptide RGD on the PEG coatings (Figure 8.4). An increase on the number of 
cells adhered was observed for the plasma polymerized tetraglyme and the PEG 
silanized sample. Electrodeposited samples had a similar behavior with the presence of 
RGD or without the peptide, which in turn was similar to the titanium sample. 
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Figure 8.4. hFFs adhesion on selected PEG samples without and with RGD 
The increased cell adhesion on the PEG coated samples has not been reported in 
previous studies, in which a reduced cell adhesion was found [52–55]. This fact can be 
related to the protein adsorption on the samples. Even though the protein adsorption was 
reduced by the presence of the PEG coatings, the amount of protein adsorbed could be 
enough to promote a specific binding of the cells [56]. Similar results were reported by 
Saldarriaga-Fernandez et al. [57]. In their study, a higher cell adhesion was found on 
PEG coatings when the protein concentration in the media was higher.  
Bacterial adhesion was tested with four different strains, namely, Streptococcus 
sanguinis, Lactobacillus salivarius, Staphylococcus aureus and Escherichia coli. As 
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reported in section 1.3, S. sanguinis is a primary colonizer associated with dental 
infections and L. salivarius plays an important role on the biofilm maintenance. S. 
aureus and E. coli were selected as a model for Gram positive and Gram negative 
bacteria. Moreover, S. aureus have been found in some peri-implant pockets of infected 
patients, showing that it has a role on the dental implant related infections. 
Regarding the results of the bacterial adhesion assays, a significant reduction of 
the adhesion was found for all the tested samples (Table 8.1). It has been assumed that 
the reduction of the bacterial adhesion was due to the antifouling characteristics 
associated with PEG coatings, since no bacteriostatic nor bactericidal effect of the 
polymer can be expected. This point is supported with the live/dead assay on the 
electrodeposited samples (section 5.3.5). In this assay, a reduction on the number of 
bacteria adhered to the sample was observed, but the coating was not bactericidal against 
the bacteria able to adhere. 
Table 8.1. Bacterial adhesion (% normalized vs Ti) for selected conditions of each type of 
coating 
 S. sanguinis L. salivarius S. aureus E. coli 
Ti 100.0 ± 21.2 100.0 ± 15.1 100.0 ± 6.9 100.0 ± 10.1 
SPEG_120 21.9 ± 4.4 41.02 ±  2.0 - - 
EPEG5 28.3 ± 9.7 42.5 ± 5.7 - - 
EPEG5_4 - - 7.5 ± 0.6 28.7 ±  1.8 
EPEG5_4_MG1 - - 4.5 ± 0.3 18.3 ±  2.3 
PP150_30 37.3 ±  17.1 52 ±  9.7 - - 
PPD150_60 - - 9.6 ± 1.9 - 
PPD150_60_Doxy - - 1.1 ±  0.1 - 
S4   52.7 ± 8.6  
 
Comparing the PEG coated samples, the ones showing the better performance are 
EPEG in the pulsed mode and PPD. These samples showed a higher thickness and 
hence, surface coverage, leading to a better antifouling activity. As expected, the best 
results were obtained with the AMP functionalized EPEG and the Doxycycline 
containing PPD, showing the better performance of a dual-function coating combining 
an antifouling and antibacterial agent. 
Several parameters have been described in order to explain the reduced bacterial 
adhesion on PEG-coated samples. For instance, the hydrophilicity of the PEG coatings 
is one of the factors affecting the adhesion. In general, a higher bacterial adhesion have 
been detected on more hydrophobic surfaces [58,59]. The hydrophilic character of the 
coating is due to the water adsorption which acts as a steric barrier. Another factor is the 
individual steric repulsion exerted by the individual PEG chains, which hampers the 
approximation of the bacteria to the surface [60,61].  
It has been reported that the adhesion force of the bacteria adhering to a PEG-
coated surface is lower than the force to adhere to non-coated substrates [62–64]. This 
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fact, which contributes to a lower biofilm formation and to an easy biofilm removal, is 
attributed to the attenuation of the Van der Waals interaction forces of the bacteria 
membrane by the polymer. Moreover, since the PEG is a neutrally charged polymer, the 
electrostatic attraction forces between the bacteria and the substrate are also reduced by 
the presence of the coating [56].  
The thicker PEG coatings prepared in this thesis (electrodeposited PEG and 
plasma polymerized diglyme) present a higher reduction of bacterial adhesion, since the 
interaction between the bacteria and the substrate is reduced. Regarding the reduction 
on the bacterial adhesion, values in the range of 70-90% have been reported 
[57,60,63,65]. This values are in the same range of the ones obtained in this thesis for 
the electrodeposited PEG and the plasma polymerized diglyme. Moreover, the use of 
AMPs or doxycycline enhanced the performance of the coatings, reaching reductions of 
95-99%. 
8.2. Comparison of deposition methods 
Sample preparation for coating involves a grinding and polishing process, which 
contaminates the titanium surface. Therefore, this process is followed by a solvent 
cleaning process, which removes part of the surface contamination, such as grinding 
residues or organic contaminants. The cleaned surface presented a water contact angle 
around 60º and a surface carbon content of 25% as reflected in the XPS analysis. 
Treatment of the surface with acid or basic solutions may reduce the contamination, 
making the surface suitable for coating [66]. However, these techniques require the use 
of chemicals and temperature and are time consuming. For this reason, plasma activation 
was the selected method for the pre-treatment of the titanium samples before applying 
the coatings. Plasma activation is a well-known procedure for the cleaning and 
activation of the first nanometers of the surface metals, polymers and ceramics without 
altering their bulk properties [67].  
In chapter 3, the results of the optimization of the plasma activation of the 
titanium surface were described. The activation rendered a superhydrophilic surface, 
with water contact angles below 5º, and carbon contents below 15% in the XPS analysis, 
a fact that can be related to the decrease on the organic contaminants and to the increase 
on the polar species on the titanium oxide, for instance, hydroxyl or carbonyl species 
[68–70]. 
Chapters 4, 5 and 6 described the results of coating the titanium surface with 
polyethylene glycol (PEG) through different methods. PEG was the polymer selected 
for the preparation of the coatings for the well-known antifouling properties of the 
coatings prepared with this polymer [71–74]. The application of PEG coatings on certain 
medical devices is intended to decrease bacterial adhesion in order to reduce the rate of 
infections related to the implantation [75,76]. In the case of dental and orthopedic 
applications, cell adhesion should be maintained in order to achieve a proper integration 
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and stability of the implant while obtaining antifouling properties with regards bacteria 
[77,78]. 
Till now, several strategies to produce polymeric coatings have been studied. All 
the methods proposed have advantages and disadvantages. For instance, grafting and 
self-assembled monolayers are compatible with specific substrates (such as gold or 
silicon) [79–81]. Physisorbed coatings typically require a charged or hydrophobic 
substrate and are liable to be desorbed under certain conditions [64,82,83]. Many coating 
methods require a multiple step process which might be difficult to control [84].  
Even though several deposition methods have been investigated for the obtention 
of PEG coatings on titanium, a simple and effective method is still lacking. For instance, 
the production of comb-like copolymer of poly-L-lysine (PLL) and PEG [85], silica-
polyethylene glycol hybrid [86] or a photoreactive PEG by co-polymerization of 
methacrylate- PEG and acryloyl 4-azidobenzene [87] involve complex synthesis routes 
for the preparation of the polymer prior the immobilization. With the aim to avoid this 
complexity, three different methods of deposition, namely, silanization, 
electrodeposition and plasma polymerization, which were firstly developed  for the 
coating of titanium for dental implant applications, namely, silanization, 
electrodeposition and plasma polymerization. These methods represent three different 
coating strategies: a wet chemical technique, an electrochemical technique and a 
chemical vapor deposition. These methods were selected because they do not involve 
time-consuming synthesis routes or expensive reactants. 
The use of silane chemistry has been widely developed for silicon surfaces. It is 
based on the reactivity of the silane coupling agents with the hydroxyl groups found in 
the surface. The strategy used in this thesis was not using an organosilane coupling agent 
but bonding a silicon atom to the terminal alcohol in PEG, which is a novel strategy for 
coating titanium. Silane groups have a high tendency to hydrolyze, and hence, the 
process must be carried out in vacuum and organic solvents (toluene). This requisite 
represents a drawback in economic and environmental terms. However, this strategy 
presents the advantage that the bonding of the PEG to the titanium is made in one step 
just after the preparation of the silanized PEG. 
Electrochemical methods are also a good option in the environmental and 
economic costs, since they can be carried out in aqueous based solutions and, of course, 
the vacuum is not necessary. For the electrochemical deposition of PEG, an amine 
terminated PEG was used, as previously reported by Tanaka et al. [88–90]. The amine 
groups are partly protonated in water solution, which creates a positive charge in the end 
group of the polymer that is attracted towards the cathode of the electrolytic cell. One 
of the major advantages of this method is the short time of treatment, in the order of 
minutes, but the low charge density of the polymer represents a low yielding of the 
method. In order to increase the yielding of the process, a pulsed process was 
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successfully developed and tested in this thesis, probing that a thicker and more effective 
coating was prepared by pulsed electrodeposition. 
The third method employed for the preparation of PEG coatings has been plasma 
polymerization. Plasma polymerization has been studied for a long time on model 
substrates such as silicon or gold and on polymers [52,91–95]. However, the application 
of this method on titanium substrates had not been explored. Plasma polymerization is 
based on the cleavage and recombination of bonds in a low molecular weight precursor 
in order to obtain a polymeric layer on the substrate that resembles the structure and 
properties of the precursor [96–99]. The conditions of the plasma treatment are a key 
parameter for the proper performance of the polymeric coating produced. In this thesis, 
two different precursors for PEG-like coatings have been studied (tetraglyme and 
diglyme). The two precursors have been shown to produce PEG-like coatings under 
suitable plasma conditions [100–103], so the feasibility of the polymerized layers was 
studied focusing on the dental implants applications. 
The second part of the thesis (Chapter 7) was centered on the use of atmospheric 
pressure plasma for the preparation of polymeric antibacterial coatings on titanium 
substrates. One of the main advantages of using atmospheric pressure plasma is the 
possibility of using liquids in direct contact with the plasma [93,104–106]. Two different 
plasma systems were used, an aerosol-assisted dielectric barrier discharge and a plasma 
jet.  
Aerosol-assisted DBD plasmas at atmospheric pressure are an interesting 
approach for the coating of biomedical devices. On the one hand, the processing at 
atmospheric pressure allows for the treatment of hydrogels and porous materials without 
the need of a long vacuum degassing time. On the other hand, the use of an aerosol 
allows for the use of precursors with high boiling point and even precursors containing 
suspended molecules or nanoparticles [107]. A plasma jet configuration in direct contact 
with liquids is also an attractive strategy, providing the possibility to treat directly any 
kind of liquid precursor and polymerize it on the surface in a short time of treatment and 
with control on the film properties. It is also a suitable technique for a continuous 
process in the industry. 
8.3. Future work 
In this thesis, several modifications for the preparation of antibacterial polymeric 
coatings on titanium have been reported. The surface characterization showed the 
presence of the coating in all the strategies undertaken, taking into account the physical 
properties and the chemical properties. A research on the mechanical properties and the 
long-term stability of the coatings should be carried out in order to assess the proper 
performance of the coatings in vivo or in clinical applications. 
The in vitro characterization done in this thesis showed the good performance of 
the antifouling coatings and the combination of such coatings with antibacterial 
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molecules. Even though the co-culture experiment performed in this thesis (section 
5.2.1) is considered a good approach to mimic the clinical conditions, an in vivo study 
would be determining to achieve an insight of the performance of the coating in a 
complex biological environment. Further in vitro studies would also be helpful, such as 
dynamic protein adsorption assays or dynamic bacterial adhesion assays. 
Further studies on the drug release systems either at low or at atmospheric 
pressure could also be done, in order to achieve release rates and times suitable for 
clinical situations. For instance, the use of multi-layer coatings with different polymers 
would delay the drug release and hence, increase the suitability of such coatings. The 
dose of the antibiotic should also be studied carefully in order to achieve the MIC of the 
bacteria without exceeding the threshold concentration of toxicity towards mammalian 
cells. Finally, the characterization of the atmospheric pressure plasma coatings should 
be completed, in order to assess the influence of the processing steps on the in vitro 
results. 
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9. CONCLUSIONS 
This thesis has evaluated different methods for the coating of titanium for dental 
implants, allowing to identify different relevant tools to confer enhanced properties to 
the implants, which are summarized in the following conclusions. 
Optimum activation conditions for titanium by means of plasma treatments were 
found by employing argon as the discharge gas, which led to superhydrophilic surfaces 
with a reduced amount of organic contaminants on the surface. 
Silanized PEG was synthesized and successfully grafted onto the titanium 
surface, giving an ultra-thin coating able to withstand BSA adsorption and S. sanguinis 
and L. salivarius adhesion. The impaired fibroblast adhesion due to the presence of the 
antifouling coating has been improved by means of the incorporation of the cell adhesion 
peptide RGD to the coating. Moreover, the bacterial adhesion of the two tested strains 
has not been significantly modified by the presence of RGD. 
An electrodeposited PEG bis(aminopropyl) terminated coating has been prepared 
by means of continuous and pulsed electrodeposition. Surface characterization reported 
a thicker coating when using pulses, with a higher surface coverage, demonstrating the 
higher yield of this process compared to the continuous one. This fact is also reflected 
in the in vitro results, either in mono- or co-culture experiments, showing the efficacy 
of the coatings to favor the fibroblast adhesion over the bacteria adhesion. Both 
Magainin 2 and Lactoferrin 1-11 have been successfully immobilized on the 
electrodeposited PEG coating by two different bonding strategies. The use of the coating 
as a platform for the AMP immobilization improved the in vitro response of the coatings, 
by decreasing the bacterial adhesion. 
A PEG-like plasma polymerized coating has been achieved on the titanium 
surface. Both tetraglyme and diglyme precursors are suitable for the preparation of the 
coatings. This coating reduces the bacterial adhesion while maintaining the cellular 
adhesion, giving a biocompatible coating suitable for dental implants applications. Some 
differences can be observed in terms of the chemical composition, but these differences 
do not show a significant difference on the biological performance in vitro of the 
coatings. Plasma polymerized diglyme is a suitable coating to achieve a dual-function 
system, by combining the antifouling properties of the coating and the antibacterial 
activity of the doxycycline. 
Atmospheric pressure plasma for the direct treatment of liquid in a different 
approach to prepare coatings. A vancomycin-containing plasma polymerized ethylene 
coating has been prepared by aerosol-assisted dielectric barrier discharge plasma, in 
order to prepare a drug delivery system. The coating showed a delayed release, and the 
antibacterial properties of the vancomycin were maintained after the plasma treatment. 
On the other hand, a HEMA plasma polymerized coating has been successfully prepared 
by treating the monomer with an atmospheric pressure plasma jet system. The coating 
showed a retained wettability and chemical composition compared to the precursor. The 
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coating was stable after immersion in water and sonication. Fibroblast adhesion was 
enhanced with the polymer, while the bacterial adhesion of S. aureus an E. coli was 
reduced, and therefore the coating is suitable for dental implant applications. 
